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Abstract 
The overall aim of this study was to understand the distribution, abundance and diversity of 
sea anemones from the Southern Ocean. Diversity and abundance of sea anemones in the 
Southern ocean is poorly studied with little information since their first discovery in the early 
1900s. Understanding the species and the roles they play in the Southern Ocean can help 
assess their impact on other species and the impacts of environmental stress and disturbances 
on the Southern Ocean system.  
Sea anemone distribution and their relationship to their environment was surveyed with the 
use of a Remote Operated Vehicle (ROV) and photoquadrats from three Antarctic regions, 
Dumont d’Urville, Casey, and Davis Station. Through the use of an ROV at Dumont 
d’Urville Station, hundreds of metres of the benthic environment were covered in a short time 
frame allowing connections to be made between sea anemones and their environment at 
depths greater than can be reached diving. A positive association between sea anemones 
distribution and ecological engineers was found. Bryozoans and ascidians are ecological 
engineers that create vast ranges of habitat in this region allowing for increased biodiversity 
through substrate attachment for sea anemones and other benthic organisms.  
At Casey and Davis Station, photoquadrat surveys were used to establish fine-scale sea 
anemone habitat preferences and community relationships along with understanding the 
impacts of human disturbance on sea anemone distribution. Through the use of fine-scale 
photoquadrat studies, sea anemone characteristics (burrowing versus non-burrowing species) 
were linked to distribution and habitat preferences. Two distinct sea anemone types were 
found in this study; large sea anemones that require substrate attachment and smaller 
burrowing sea anemones that prefer muddy sediment. The large sea anemones that require 
substrate attachment were generally found in rocky regions, with the exception of some 
sedimentary habitats where ecological engineers, ascidians, were used as attachments. The 
large sea anemones were associated with habitats that contained higher diversity of species, 
which was related to the availability of substrate attachment and the protection the rocky 
habitats provide. The burrowing sea anemones were positively associated with other 
burrowing species and species that did not require substrate attachment. At Casey Station, 
there was greater sea anemone abundance at human impacted sites, but the cause for this 
greater abundance is unknown.  The use of both ROV and photoquadrat surveys are 
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important tools in understanding environmental connections to species distribution and 
abundance.  
Another important step in understanding connections between a species and its environment 
is being able to correctly identify species. Biodiversity in the Southern Ocean is poorly 
understood with many of the species being identified taxonomically in the early 1900s, 
leaving many species to be incorrectly identified or grouped together as one species. Sea 
anemones in the Southern Ocean are an important predator and prey species in the ecosystem, 
and our current knowledge on Antarctic anthozoan biodiversity is less than 50%. A more 
modern approach using genetic techniques could help resolve some of these discrepancies, 
such as DNA sequencing. The mitochondrial regions CO1 and 16S along with the nuclear 
region ITS and ITS2 were used to test their potential as barcoding regions for Antarctic sea 
anemones. A total of 381 individual sea anemones were collected from the Continental shelf 
region and Macquarie Island tidal pools, and 9 different species were distinguished from 
these samples using the consensus sequences from combined CO1 and 16S regions. A total of 
12 species were distinguished using the ITS2 region. The full ITS region was only obtained 
for the Macquarie Island species and a total of 5 species were distinguished. However, these 
regions could not resolve discrepancies at genus or higher levels. This study showed that with 
the use of DNA sequencing, sea anemones from the Southern Ocean can be identified using 
these methods and they have potential to resolve some of the taxonomic discrepancies at a 
species level, increasing our knowledge of Southern Ocean sea anemone biodiversity.  
Sea anemone reproductive strategies were also examined to understand a species life history 
and verify reproductive modes of a species. A small seasonal collection of Isotealia 
antarctica over the austral summer in West Antarctica found that this species was gonochoric 
with individuals having well developed sperm or oocyte throughout the summer. This 
suggests that reproductive cycle of I. antarctica is not dependent on the increased food 
supply generally associated with polar summers. The oocytes are relatively large, also 
suggesting the potential for lecitotrophism. Two of the samples obtained from the end of the 
austral summer were identified as Urticinopsis antarctica. These two samples were also 
gonochoric and gametic tissues were also well developed with oocytes being similarly large 
suggesting that U. antarctica may have a similar reproductive strategy as I. antarctica. More 
histological work throughout the year from more individuals and from multiple populations 
can help narrow down the reproductive cycles and mode of these species.
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Molecular techniques are also beneficial in understanding the phylogeography of a species. 
Many species in the Southern Ocean have circumpolar distributions. Genotype by 
Sequencing is a new Next Generation Sequencing tool that can be utilized to help determine 
if there is gene flow amongst species’ circumpolar populations or detect cryptic speciation. 
Urticinopsis antarctica is a species that has a circumpolar distribution and four different 
populations of U. antarctica were examined for circumpolar relationships (three East 
Antarctic locations, one West Antarctic location). The three East Antarctic locations were 
panmictic with gene flow occurring amongst the regions, whereas the West Antarctic was 
genetically differentiated from the other three regions. This suggests that there is isolation by 
distance, which may eventually lead to speciation. Also, fine-scale population structure was 
examined within the Casey Station region. Small genetic differentiation was found between 
sites that were impacted by anthropogenic stressors, such as sewage outfalls, waste dumps, 
and heavy traffic areas (Wharf), versus non-impacted sites. This suggests the potential for 
anthropogenic activity does have an effect on U. antarctica. However, the impacted sites are 
also found within the same embayment and there is potential that local geographical and 
hydrological barriers may also be causing an isolation of this population from other 
populations, which may lead to potential speciation.  
This study is first to examine distribution, abundance, diversity, and population genomics of 
sea anemones from the Southern Ocean at a large and fine-scale levels. I used multiple 
techniques to begin to build bridges between different aspects of Southern Ocean sea 
anemone ecology. Obtaining a baseline for the different species of sea anemones and their 
abundance and distribution helps us to understand future changes in the Southern Ocean 
benthic ecosystem, which is already seeing the effects from environmental stress, 
disturbances and climate change. 
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1 General Introduction 
 
Biodiversity in the Southern Ocean was once thought to be lower than biodiversity from 
other regions around the world. With increased focus and research, however, the 
biodiversity of this region is now believed to be comparable to temperate, non-reef 
regions (Chown et al. 2015). Much of the Southern Ocean’s biodiversity remains 
undiscovered or is considered cryptic or unrecognized (Janosik and Halanych 2010), 
with only a quarter of the benthic fauna in the Antarctic continental shelf documented 
(Gutt et al. 2004). Logistical considerations (for example, high operating costs and sea 
ice cover) have constrained the number of biodiversity surveys conducted in the 
Southern Ocean. Researchers often have limited amount of biological material to work 
with (Janosik and Halanych 2010). New genetic identification techniques, combined 
with traditional morphological identifications and basic ecological research (e.g. 
distribution, reproductive ecology) now allows us to make the most of these limited, 
valuable samples.  
The Southern Ocean is one of the largest ecosystems in the world. For the most part, the 
Southern Ocean benthic environment surrounding Antarctica maintains relatively 
constant environmental conditions such as low but stable temperatures and low 
fluctuations in salinity. However, some environmental factors do fluctuate strongly, 
including productivity, sea ice coverage, and disturbances by anchor ice and iceberg 
scouring (Knox 2007). Primary productivity shows marked seasonal differences, with 
high productivity in summer and little or none in winter (Knox 2007; Pearse et al. 1991). 
As a result, during the summer there are substantial increases in food availability for 
benthic communities but during the winter there is essentially no energy input 
(Brockington et al. 2001). Due to this seasonality, many benthic species have evolved 
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specialized life history features and reproductive modes such as brooding, dormancy 
and seasonally dependent reproduction (Pearse et al. 1991). 
Sea anemones are a conspicuous member of the benthic community in the Southern 
Ocean, but little is known of their ecology and life histories despite being highly 
abundant in this region. Many references on Southern Ocean sea anemones come from 
early last century and there are only a few recent studies (Carlgren 1927; Carlgren 1949; 
Carlgren and Stephenson 1929; Dunn 1983; Fautin 1984; Rodriguez et al. 2007). The 
importance of sea anemones in the Southern Ocean benthic ecosystem is yet to be 
determined. Some species of sea anemones possess the ability to switch between sexual 
and asexual reproductive modes. For example, in the Mediterranean Sea, the sea 
anemone Actinia equina, alternates between clonal replication and sexual reproduction 
depending on environmental conditions (Chomsky et al. 2009). Environment conditions 
play integral roles in the type of reproductive mode sea anemones utilize (Bocharova 
2015; Bocharova and Kozevich 2011; Chomsky et al. 2009). 
The ability for sea anemones to alternate reproductive modes depending on the 
environmental conditions suggests that they may have use as potential indicator species 
for environmental stress. In cool/stable temperatures of the Mediterranean where the 
parental genotypes are better adapted to the environment, A. equina reproduce asexually 
forming large aggragations of clone mates (Chomsky et al. 2009). Alternatively, A. 
equina found along the edges of its distribution, where the sea temperatures increase, 
reproduce sexually (Chomsky et al. 2009). The utilization of alternate reproductive 
modes has been seen in other sea anemone species in stressful environments, such as 
littoral versus sublittoral habitats (Bocharova 2015). The change in reproductive mode 
due to environmental stress suggests the potential for sea anemones to be used as a 
sentinel for environmental disturbance. Other environmental stressors, such as high 
concentrations of heavy metals, have been shown to have detrimental effects on sea 
anemones. These effects include tentacle retraction, endosymbiont loss, and even death 
(Elran et al. 2014; Howe et al. 2014; Mitchelmore et al. 2003). A current focus for 
environmental science is identifying species that can be used as potential indicators of 
environmental stress. Indicator species can be used for long term studies into climate 
change and environmental disturbances caused by anthropogenic activities. Much 
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needed information on Southern Ocean sea anemones, such as distribution, abundance, 
life history and population structure, will allow us to determine their potential in this 
area.  
My thesis takes an integrated approach to understanding the ecological drivers of 
population structure and distribution of sea anemone species that inhabit the Southern 
Ocean. I will also use phylogenetic methods for understanding sea anemone 
biodiversity, explore their reproduction through histological studies, and utilize new 
Next Generation Sequencing techniques to understand Southern Ocean sea anemone 
population genomics. Through my four major aims, I will contribute to the major 
knowledge gaps in our understanding of Southern Ocean sea anemone ecology. 
 
 
 
The first goal of this section is to gain an understanding of which species of sea 
anemones are located in the East Antarctic Region and their relative abundance. This 
Aims: 
1. To determine the overall distribution, abundance, and ecological 
connections of sea anemones from Antarctic continental shelf regions 
2. To identify species and understand phylogenetic relationships of sea 
anemones from the Antarctic continental shelf and the Sub-Antarctic 
3. To examine the life history and reproduction of sea anemones from the 
Antarctic continental shelf 
4. To conduct a fine-scale and large-scale population genomic comparison 
of sea anemones from the Antarctic Continental shelf 
Aim 1: 
To determine the overall distribution, abundance, and ecological connections of 
sea anemones from Antarctic continental shelf regions 
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included determining their habitat requirements, and environmental factors that 
influence habitat choice. Specifically, I will explore habitat type, community structure 
and distance to anthropogenic sources of pollution. Sea anemone diversity will be 
examined via remote sampling with a Remote Operated Vehicle (ROV) in the region 
around Dumont d’Urville Station, and I will quantify sea anemone abundance and 
distribution from photo-quadrat and video data collected by the Australian Antarctic 
Division (AAD) from Casey Station and Davis Station.  
The majority of distributional data for Southern Ocean sea anemones is limited to the 
peninsula region and South America (Rodriguez et al. 2007). The limited distributional 
records from other regions are mostly from early last century (Carlgren 1927; Carlgren 
1949; Carlgren and Stephenson 1929; Dunn 1983; Fautin 1984). Subsequently, there are 
many gaps in our knowledge about Southern Ocean sea anemone species’ distributions 
and their habitat connections. Examination of distribution records indicates that species 
along the Continental Shelf of Antarctica are more circumpolar than those of other 
Southern Ocean regions, such as the Sub-Antarctic island.  
We know little about the physio-chemical and biotic interaction that determines sea 
anemone distribution in the Southern Ocean. Such interactions are likely to be complex. 
Work in other marine systems indicates that the type of anthozoan species that 
dominates a region is dependent on the physio-chemical and biotic interactions present 
(Fautin 1988). Even slight changes to these can cause a shift in balance from one 
species group to another (Fautin 1988). I will explore habitat composition and 
community structure to determine if these factors influence Southern Ocean sea 
anemone distribution and abundance. 
A further goal is to examine the effects of anthropogenic disturbances on sea anemone 
distribution and abundance. The data collected from Casey Station and Davis Station 
will enable a comparison between sites impacted by anthropogenic pollution and non-
impacted sites. Anthropogenic pollutants resulting from the operation of these research 
bases include the discharge of sewage effluent into the sea. While permitted under the 
Protocol on Environmental Protection to the Antarctic Treaty, such discharge can lead 
to the introduction on non-native microorganisms and potential pathogens (Stark et al. 
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2016). Another example is heavy metal contamination from old waste disposal sites 
near the stations (Stark et al. 2003). By examining sea anemones at sites affected by 
known sources of anthropogenic disturbances we can assess whether sea anemones will 
be useful indicators of environmental disturbance when the stressor is unknown.  
 
The second aim of my thesis is to use DNA barcoding to help identify Southern Ocean 
sea anemone species and understand their phylogenetic relationship to other sea 
anemone groups. Sea anemones are difficult to identify from a photo, in the field, or 
purely based on taxonomic features. Few species have distinctive morphological 
features that easily and decisively separate them from other species (Daly et al. 2008). 
The classification of sea anemones becomes less strongly supported at the genus and 
species level. There are many discrepancies with the taxonomy of actiniarians based on 
these morphological characteristics. For example, a key morphological feature used in 
identifying sea anemone species is classifying the type of cnidae (stinging capsules) 
present within different body structures of sea anemone species. Cnidae also have 
several morphological categories and many are difficult to identify (England 1991). 
Genetic studies of these organisms can help to resolve uncertainties associated with 
morphological classifications (Daly et al. 2010; Webb et al. 2006; Won et al. 2001). 
Sea anemone identification, classification and biodiversity assessments would benefit 
from an easy DNA barcoding system to identify individual species. The phylogenetics 
of sea anemones have been examined in studies using conservative gene regions to 
explore their evolutionary history (Daly et al. 2004; Daly et al. 2008; Daly et al. 2003; 
Daly et al. 2010; Gusmao and Daly 2010; Rodriguez and Daly 2010; Shearer et al. 
2002). Unfortunately, molecular techniques using more rapidly evolving markers for 
species identification in sea anemones are less well developed (Dohna and Kochzius 
2016; Worthington Wilmer and Mitchell 2008). The development of such techniques 
Aim 2: 
To identify species and understand phylogenetic relationships of sea anemones 
from the Antarctic continental shelf and the Sub-Antarctic 
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will allow us to identify new species and explore cryptic speciation (Herbert et al. 2003). 
Research efforts to develop suitable DNA identification techniques are currently 
underway as part of international efforts to assess biodiversity (Herbert et al. 2003).  
Determining genetic differences among sea anemone species is further exacerbated by 
slow mitochondrial evolution rates. Anthozoans are some of the slowest evolving 
metazoan lineages with rates of mitochondrial evolution 100 times slower than other 
marine invertebrates (Hellberg 2007). This slow evolution in anthozoan’s mitochondrial 
regions results in difficulties in establishing differences amongst species (Shearer et al. 
2002). The nuclear DNA regions have been recognized as potential regions for species 
and generic-level analyses (Daly et al. 2010; Shearer et al. 2002). For the purpose of 
identifying Southern Ocean species and examining potential sea anemone DNA 
barcoding regions, the nuclear rDNA ITS regions and the mitochondrial DNA region 
16s were chosen for this study (see chapter 4 for justification). To standardise the 
species with the Barcode of Life global bioidentification system database, the 
mitochondrial CO1 region will also be amplified and it will also be used as a standard to 
compare results from the other DNA regions. While this region is highly suitable for 
identifying many animal species (Herbert et al. 2003), it has had limited success in 
some marine invertebrates, such as octocorals (McFadden et al. 2011). Samples for 
analysis were collected from the Southern Ocean regions around Casey Station, Davis 
Station, Rothera Station, Dumont d’Urville Station, and Macquarie Island. DNA 
sequences utilizing different gene regions from several Southern Ocean species will be 
explored to determine potential DNA barcoding regions for sea anemones. 
 
Sea anemones have a wide array of reproductive modes (Bocharova and Kozevich 2011; 
Shick 1991). The majority of sea anemones reproduce through a combination of asexual 
and sexual reproduction while others will only employ one or the other (Bocharova and 
Aim 3: 
To examine the life history and reproduction of sea anemones from the Antarctic 
continental shelf 
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Kozevich 2011). For example, the intertidal sea anemones Actinia tenebrosa and A. 
equina from the Australasian and South African coasts have infrequent bouts of sexual 
reproduction to colonise vacant habitats and then proliferate locally using asexual 
reproduction (Ayre 1984). Reproductive modes in sea anemones can be altered by 
environmental factors. For example, for the sea anemone species, Aulactina stella, the 
environment plays an important role in an individual sea anemones mode of 
reproduction. Aulactina stella inhabits the littoral zone along the coast of the White Sea, 
Barents Sea and along the coast of Avachinsky Bay in the Pacific Ocean (Bocharova 
2015). In the Pacific Ocean populations, A. stella reproduces sexually and is typically 
found in sublittoral depths. However, in the White and Barents Sea A. stella is found 
high in the littoral zone and reproduces through parthenogenesis (Bocharova 2015). The 
subtidal zones are considered more environmentally extreme than the sublittoral zones 
and asexual reproduction is predicted to be an adaptation to the extreme environment 
(Bocharova 2015). The Southern Ocean benthic region provides an opportunity to 
explore species living in extreme conditions, where we know very little about the 
reproductive modes of Southern Ocean sea anemones. 
Reproductive strategies can have important effects on the distribution, abundance, 
population structure and evolution of Southern Ocean benthic species (Pearse et al. 
1991; Thatje 2012). There is an unusually high occurrence of Southern Ocean benthic 
invertebrates that are brooding species (Pearse et al. 1991; Pearse et al. 2009). The 
reproductive modes and timing of only one Southern Ocean species of sea anemone, 
Epiactis georgiana, has been extensively studied (Rodriguez et al. 2013). It is a 
brooding species with a prolonged reproductive cycle lasting around a year (Rodriguez 
et al. 2013). More research examining different Southern Ocean sea anemones will 
determine if they follow the trend of polar brooding specialists or if they contain a 
diverse range of reproductive strategies found across other regions.  
My thesis will extend our knowledge of Southern Ocean sea anemone reproduction by 
examining the reproductive biology of Isotealia antarctica and Urticinopsis antarctica 
through histological analysis. Samples for analysis were collected throughout a year 
from Rothera Station. I examine individual samples to determine the presence of 
gametes or signs of asexual reproduction such as scars or budding. Narrowing down 
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reproductive modes and timing of Southern Ocean sea anemones will allow ecological 
studies to make connections between their distribution, abundance, and population 
structure.  
 
The population genetics of sea anemones has been poorly characterized due the lack of 
proper genetic markers (Chomsky et al. 2009). The first goal of this section is to 
examine fine-scale genetic differences within a near shore regional population of 
Urticinopsis antarctica at Casey Station in East Antarctica. Many factors can prevent 
gene flow within a region; life history (Veale and Lavery 2012), environmental factors 
(depth and temperature, physical disturbances; (Arntz and Gallardo 1994)), and coastal 
hydrographic features (Guidetti et al. 2006).  
Another goal is to determine if there are effects on population structure linked to 
anthropogenic disturbances and will include a comparison between sites that are 
impacted by known anthropogenic disturbances (Casey station’s sewage outfall, high 
traffic areas around the Casey Station wharf, and areas near an abandoned station waste 
dump) and control sites that are not impacted. Anthropogenic disturbances at Casey 
Station region can affect the distribution of species (Stark et al. 2014) and genetic 
diversity of species (Baird et al. 2012). The results from my study of anthropogenic 
effects on sea anemones will be combined with results from aim one to better 
understand factors affecting distribution and abundance patterns in anthropogenic 
disturbed areas. 
The third goal of this section is to examine large-scale phylo-geographical patterns 
within species by examining the genetics across multiple regions of coastal Antarctica. 
Many Antarctic continental shelf species have a circumpolar distribution and the 
Antarctic Circumpolar Current is considered an avenue for gene flow around the 
Aim 4: 
To conduct a fine-scale and large-scale population genomic comparison of sea 
anemones from the Antarctic Continental shelf 
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Antarctic continent (Arntz and Gallardo 1994). However, many of the Antarctic 
continental shelf benthic invertebrate species tend to be brooding specialists and it is 
likely that genetic subdivision would occur across large geographical distances. For 
example the sea spider Nymphon australe and the amphipod Orchomenella franklini are 
both brooding species and both have increased levels of genetic differentiation between 
distant populations and the potential for speciation between them (Arango et al. 2011; 
Baird et al. 2012). Urticinopsis antarctica was sampled from Casey Station, Davis 
Station, Rothera Station and at Dumont d’Urville Station to examine regional 
geographical differences between populations and to determine if there are circumpolar 
connections. 
Genotype by Sequencing (GBS), a new Next Generation Sequencing technique, will be 
used to examine populations of the sea anemone U. antarctica. Through the 
development of GBS, I examine the fine-scale geographical genetic variations within 
individual populations (100s of metres), across regional populations (100s of 
Kilometres), and large-scale (1000s of kilometres) geographical areas. This will allow 
examination of the genetic structure of a population, which in turn enables us to 
examine the reproductive modes and recruitment methods being employed by these 
species to build our understanding of ecological processes and patterns and how these 
are maintained or be likely to change in the future. 
Concluding introductory remarks 
My thesis is composed of five independent chapters written as manuscripts being 
prepared for publication. The areas of research addressed in my thesis were chosen to 
help fill the large gap in knowledge about Southern Ocean sea anemones and add 
substantial information to our understanding of them. The key areas my research 
focuses on will contribute to the overall understanding of Southern Ocean ecology and 
allow future studies to make connections between environmental disturbances and 
ecological responses.  
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Aim 1: 
To determine the overall distribution, abundance, and ecological connections of sea 
anemones from Antarctic continental shelf regions 
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2 Patterns in the distribution and abundance of sea 
anemones in the sea off Dumont d’Urville station, 
Antarctica 
 
2.1 Introduction 
Distribution, abundance, and habitat association in Antarctic and Southern Ocean sea 
anemones (Actiniaria) are not well documented, particularly at local scales (100s of 
metres to 10s of kms). The majority of existing studies are from the Antarctic Peninsula 
region and have been conducted at a relatively broad scale with only individual species 
distribution identified and noted under large generalized Antarctic sectors (Rodriguez et 
al. 2007). The few records from other Antarctic regions (Dunn 1983; Fautin 1984) are 
from early last century (Carlgren 1927; Carlgren 1949; Carlgren and Stephenson 1929), 
and there are few details on habitat associations and other ecological factors that may 
influence the species present. In non-polar regions, there are strong associations 
between anthozoan communities and habitat (Fautin 1988). These associations are 
linked to the physio-chemical properties of the habitat and biotic interactions; even 
slight changes, such as small changes in depth (<5 metres) or a few degrees in 
temperature, can cause a shift in the distribution and dynamics of anthozoan 
communities (Fautin 1988). As a result, changes in the distribution and abundance of 
anthozoan species, such as sea anemones, may be linked with the environmental stress 
from human disturbance and predicted climate change. There is abundant evidence of 
the impacts of climate in many terrestrial studies showing it affects species physiology 
(species development, photosynthesis and respiration), distribution (species’ habitat 
range extensions and retractions and population numbers), phenology (life cycle timings) 
and environmental adaptions (Hughes 2000; Urban 2015), and increasingly there is 
evidence of these effects in polar systems (Bennett et al. 2015), but there is a lack of 
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data on the impacts of climate change on the Southern Ocean (Knox 2007). 
Understanding sea anemone distribution and ecology at a local and regional level can 
help resolve key ecological interactions, including habitat associations and predator-
prey relations, in the Antarctic benthic ecosystem and allow us to infer how 
environmental stressors, such as climate change, might impact sea anemone distribution. 
Sea anemones are important members of the Southern Ocean benthic community and 
play several roles including as carnivorous predators, filter feeders, and/or prey. Some 
species are opportunistic feeders taking advantage of a variety of readily available food 
(Shick 1991), feeding on diatoms, eggs, and small crustaceans in the water column (e.g. 
Metridium senile (Sebens 1981)). Other sea anemones  (e.g. Isotealia antarctica and 
Urticinopsis antarctica) (Brueggeman 1998), are active predators (Shick 1991) preying 
on echinoderms (starfish and sea urchins) and cnidarians (Amsler et al. 1999; 
Brueggeman 1998; Dayton and Robilliard 1970). There is very little literature on the 
predators of Antarctic sea anemones but nudibranchs, fish, starfish, larger worms, and 
pycnogonids have been observed feeding on them in regions other than the Southern 
Ocean (Ottaway 1977), and are likely to be predators of Southern ocean sea anemones. 
Thus, with limited information on their diets and especially their predators in the 
Southern ocean, we have limited understanding of the role of predator/prey 
relationships in driving sea anemone distribution. Combining predator/prey 
relationships with habitat features such as attachment availability, or physical factors 
(currents and temperature) we can begin to understand what drives the realised niche of 
Southern Ocean sea anemones and how it compares to other species found in the same 
region. 
The Southern ocean benthic ecosystem is highly diverse with representatives from most 
major groups of marine plants and animals (Pearse et al. 1991). Several key variables 
were found to influence a Southern Ocean species’ realised niche, including macro- and 
microhabitat, depth range, motility, and feeding type (Gutt 2006). Benthic diversity is 
known to increase with depth in polar regions due to the impact of ice scouring from sea 
ice, icebergs, and/ or anchor ice in shallow waters (Gutt 2001). These habitats are 
characterized by a constant low but stable temperature (seasonal changes of + 0.5-2.8˚C) 
and low fluctuations in salinity (34.6-34.9 range) (Knox 2007). A review of the 
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Antarctic benthic ecosystem identified several different community types based on their 
ecological interactions (Gutt 2007); suspension, filter and deposit feeder communities, a 
predator driven community, physically controlled assemblages, and low or zero 
abundances assemblages (Gutt 2007). Although recent research has seen an increase in 
studies of Southern Ocean ecosystems, including habitat and biological interactions 
(Baird and Stark 2014; Cantero 2014; Cantero and Manjon-Cabeza 2014; Gutt 2007; 
Peck et al. 2005; Stark 2000; Stark et al. 2014) many of the biological interactions in 
these communities remain poorly understood. Focusing research on the biological 
interactions in Antarctica will help explain the existence and distribution of these 
discrete community types.  
Many biological interactions in the Terre Adélie region of the Southern Ocean remain 
unknown and understanding species distribution and biological links in this region 
could explain connections in other regions. The majority of research on the benthos that 
has been done around Terre Adélie was conducted during a single marine census of the 
deeper benthic communities, in depths >150m (Causse et al. 2011). Only one study has 
focused on benthic diversity from shallower depths and found that physical parameters 
such as disturbances from glaciers, iceberg scouring, light, and current regime influence 
the benthic diversity from depths of 20 to 110m (Gutt 2007). The diversity of sea 
anemones is unknown for the shallower depths from 30m to 150m from the Terre 
Adélie region around Dumont D’urville station. This aim of this study is to describe sea 
anemone distribution and abundance in the benthic habitats of the Terre Adélie region 
around Dumont D’urville station, between 30 and 250m, based on observations made 
using Remote Operated Vehicle (ROV). It examines the links between anemone 
distribution and other factors including other sea anemone species, predator-prey 
interactions, presence of other taxa, and habitat structure.  
2.2 Methods 
There is a short period during the austral summer when the sea ice breaks out that 
allows access to benthic ecosystem in the Antarctic continental shelf region. ROV 
videos are a useful tool in providing overall coverage of large areas (100s of metres) in 
fine detail. Benthic research and observation by diving is not possible below 30m due to 
stringent diving regulations. Some remote methods of sampling, such as trawl 
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collections are non-selective and only provide community composition data but not 
information on ecological associations. The use of an ROV, however, allows non-
destructive fine-scale examination at greater depths and the collection of more detailed 
information, such as sea anemone associations with substrate attachment and habitat 
type. An ROV, Achille M4, Comex, with a high-resolution camera (Sony HVRA1E), 
was deployed from the “Sea Truck”, a barge. Video samples were collected in Terre 
Adélie, near Dumont d'Urville station, during the REVOLTA project 1124 supported by 
the French Polar Institut (IPEV) and the Muséum National d'Histoire Naturelle (MNHN) 
during the Austral summer of 2012/13.  
The ROV was deployed in a single direction from designated study stations (Figure 1). 
Stations were selected from a range of regions around Dumont d’Urville with average 
depths ranging from 32m to 251m and transect lengths ranging from 338m to 999m 
(Table 1). The depth, latitute and longitude were collected at the start, finish (Table 1) 
and at 10 minute intervals, during the ROV deployment. From the video footage, sea 
anemones were identified and counted for each 10 minute transect interval. The field of 
view from the ROV was estimated to be approximately one metre wide, and this was 
used to determine total bottom area surveyed.  
We concentrated on large species, with body columns approximately 5 cm or greater 
because the video quality did not allow us to enlarge smaller sea anemones adequately 
for unequivical indentification. Each anemone was identified (where possible) based on 
gross mophology according to Brueggeman (1998). Urticinopsis antarctica and 
Glyphoperidium bursa are difficult to tell apart through visual inspection on videos and 
were combined as “Peach Anemones” based on their large size, numerous tentacles and 
a yellowish peach colour (Figure 2a and 2b). Isotealia antarctica was identified by its 
orange colour and fewer tentacles than the Peach Anemones (Figure 2c). The 
morphological difference between Artemidactis victrix and Hormathia lacunifera was 
based on the colour of the body column whereby Artemidactis is smooth and white and 
Hormathia has a brownish lower column (Figure 2d and 2e). Stomphia selaginella and 
Hormasoma scotti are also difficult to distinguish from each other through visual 
inspection on a video and were grouped as “Marbled Anemones” based on their 
marbled orange and white column (Figure 2f). When a sea anemone was observed on 
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the video, all other taxa present (bryozoans, ascidians, sponges, holothurians, brittle 
stars, sea urchins, sea stars, crinoids, fish, zooplankton, jellyfish, pycnogonids, 
gastropods, polycheates, and bivalves) were also recorded along with the primary 
attachment substrate of each sea anemone (sediment, rock, bryozoans, ascidians and 
other species). At the end of every 10 minute transect interval a general habitat category 
was assigned (Sediment, Bryozoan dominated, Ascidian dominated or mix) for the 
entirety of the interval. 
Total sea anemone density, densities of each taxa, and the density of other invertebrate 
species (density=number of individuals/m
2
) were calculated per 10 minute interval by 
dividing the total number observed by the area surveyed (distance between the latitude 
and longitudinal points of the 10 minute interval multiplied by the 1m transect width).
 
When fields of ascidians or bryozoans were observed, a maximum of 50 individuals 
was recorded, as it was impossible to count and distinguish between every individual. 
All densities of individual species were then combined as the compositon of the 
assemblage per 10 minute interval and were analysed to examine species distributions 
and species associations by means of non-parametric multivariate techniques using the 
PRIMER-6 software package (Clarke and Gorley 2015). A PERMANOVA analysis was 
used to identify differences in total anemone densities with habitat types. A similarity 
matrix between transect intervals was constructed using the Bray-Curtis similarity 
coefficient, and community analysis was conducted through the use of non-metric 
multidimensional scaling ordinations (nMDS) and cluster analysis (using group average 
clustering). Only transect intervals that had sea anemones present were included. 
SIMPROF and SIMPER analysis (similarity percentages, PRIMER) was then used to 
identify the key species of the assemblage that contributed the most to dissimilarity 
between groups and similarity within groups indentified by cluster analysis. Pearson 
correlations were used to examine associations between predators (ie gastropods and 
pycnogonids), prey species (ie ohphuiroids, urchins, asteroids, medusazoa, and bivalves) 
and sea anemone densities. 
2.3 Results 
A total of 332 sea anemones were observed across the ~6.6km of seabed surveyed. Sea 
anemone diversity varied among transects and with depth; Artmidactis, Hormathia and 
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Marbled Anemones were the most abundant sea anemones across all transects (Figure 
1). Isotealia was the only sea anemone identified in the shallowest transect (32m) 
(Figure 1), and it was otherwise only found on the two deepest transects. There were 
very few individuals of Peach Anemones or Isotealia (Table 1). 
The majority of sea anemones were observed to be in close proximity to other 
anemones in their area, occurring in intermittent or patchy clusters along each transect 
(Figure 3), although the nature of those clusters varied, variation was significant (Table 
2). An analysis of distribution found that the species of sea anemones were randomly 
distributed, however, analysis of distribution for ascidians (variance/mean = 2.15) and 
bryozoans (variance/mean = 25.6) found that both showed clumping and clustering 
along transects. Sea anemones were found in a variety of habitats that included fields of 
ascidians or bryozoans, sedimentary bottoms, and mixed habitats. Sea anemone 
densities were highest in bryozoan dominated habitats, although abundance was not 
significantly different from other habitats (Figure 4). A Pearson correlation showed only 
weak relationships between sea anemone density and bryozoan and ascidian density 
(Table 3). While anemones were also found attached to different substrate including 
bryozoans, ascidians, tube worms and sponges, the majority of attachment for sea 
anemones was to either bryozoans or ascidians (Figure 5). 
An nMDS and cluster analysis, with a SIMPROF test, of community data showed the 
majority of transect intervals formed three main groups (Figure 6, cluster groups C, D, 
and E overlaid on MDS) and two smaller groups (cluster groups A and B) containing 
one and two intervals (Figure 6). The SIMPER analysis showed that group A was 
categorized by high bryozoan density, group B had low ascidian and anemone density, 
group C had high ascidian and sponge density, group D had medium bryozoan and 
ascidian density, and group E had low bryozoan and ascidian density (Figure 6). To 
detect bias from depth, a second cluster analysis removing the shallowest and deepest 
transects (831 and 826) resulted in the same trend. Bubble plots of sea anemone, 
bryozoan and ascidian densities were overlayed on the MDS plot (Figure 7) and showed 
that groups with a higher concentration of sea anemones also had higher concentrations 
of bryozoans and ascidians. Bubble plots of individual sea anemone species supported 
the relationship with bryozoans and ascidians (Figure 7).  
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Bubble plots of predator/prey species’ density mirrored the sea anemone density trend 
and also showed a relationship with bryozoans and ascidians (Figure 7). Densities of 
prey and predator species were not correlated with overall sea anemone density. There 
were significant positive correlations between Hormathia and Artemidactis with prey 
species, ophuiroids and asteroids (Table 3).  
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Figure 1: Revolta campaign ROV video transects at each station (numbered) from the 
Terre Adélie region near Dumont d’Urville (DDU) with sea anemones density (number 
of individuals/m
2
) for each transect indicated in pie charts. Pie chart size is relative to 
total sea anemone density for the transect.  
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Figure 2: Sea Anemone identification from Terre Adélie, near Dumont d'Urville station 
from ROV video transects: a. Peach Anemones (includes Urticinopsis antarctica and 
Glyphoperidium bursa), b.Peach Anemones (includes Urticinopsis antarctica and 
Glyphoperidium bursa), c. Isotealia antarctica, d. Artemidactis victrix, e. Hormathia 
lacunifera, f. Marbled Anemones (includes Stomphia selaginella and Hormasoma scotti)  
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Table 1: ROV video transect location with average depth (m) and transect length (m) for sampling of sea anemones from Terre Adélie region near Dumont 
D’urville station. Overall average sea anemone density (number of individuals/m2) per transect length and individual sea anemone group densities per 
transect length. 
Station Latitude Longitude 
Depth 
(m) 
Leng
th 
(m) 
Total 
Anemone 
Density 
(n/m
2
) 
Peach 
Anemone 
Density 
(n/m
2
) 
Isotealia 
Density 
(n/m
2
) 
Marbled 
Anemone 
Density 
(n/m
2
) 
Hormathia 
Density 
(n/m
2
) 
Artemidactis 
Density 
(n/m
2
) 
Unknown 
Anemone 
Density 
(n/m
2
) 
831 -66.669083 139.887317 32 647 0.001 0.000 0.001 0.000 0.000 0.000 0.000 
832 -66.646367 139.949583 87 461 0.078 0.002 0.000 0.036 0.003 0.033 0.004 
827 -66.6448 139.946117 98 593 0.056 0.000 0.000 0.015 0.008 0.033 0.000 
814 -66.61725 139.998733 99 783 0.076 0.001 0.000 0.008 0.010 0.054 0.003 
815 -66.640717 139.946267 99 597 0.083 0.008 0.000 0.052 0.009 0.011 0.003 
828 -66.617267 140.0051 109 999 0.026 0.000 0.000 0.002 0.009 0.014 0.001 
829 -66.630283 139.95625 110 853 0.032 0.000 0.000 0.001 0.011 0.018 0.002 
830 -66.611133 140.010617 119 886 0.025 0.000 0.000 0.005 0.010 0.010 0.000 
812 -66.601667 140.029133 128 451 0.155 0.002 0.003 0.019 0.038 0.087 0.006 
826 -66.640583 139.83745 251 338 0.27 0.000 0.016 0.023 0.030 0.201 0.000 
Average     0.802 0.001 0.002 0.016 0.013 0.046 0.002 
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Figure 3: Cummulative sea anemone type total numbers over ROV video transect time (hours) 
from Terre Adélie, near Dumont d'Urville station. 
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Figure 4: Sea anemone density per habitat type with standard error from ROV video transects 
near Terre Adélie, near Dumont d'Urville station. Permanova analysis showed no significant 
difference between habitat types (p-value= 0.39). 
  
26 
 
 
 
Figure 5: Percent substrate attachement by ROV video transect with sea anemone density 
(black dot on bars) from Terre Adélie, near Dumont d'Urville station. 
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Figure 6: MDS plot illustrating cluster groups of species assemblages from ROV video 
transect sections from Terre Adélie, near Dumont d'Urville station.  
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Figure 7: Bubble plots overlayed onto the MDS plot of the cluster analysis with overall sea anemone density, individual sea anemone species’ 
density, bryozoan density, ascidian density, and predator/prey species’ density from ROV video transects near Terre Adélie, near Dumont 
d'Urville station. Density = number of individuals/m
2
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Table 3: Pearson correlations between sea anemone species, prey and predators from ROV video transects near Terre Adélie, near Dumont 
d’Urville Station.   
  
Anemone 
Density 
Peach 
Anemones 
Isotealia 
Marbled 
Anemones 
Hormathia Artemidactis 
Unknown 
Anemone 
Ascidian Ophuiroids Asteroids Urchins 
Other 
Anemones 
Bryozoans Medusazoa Pycnogonid Gastropod Bivalve 
Anemone 
Density 
 
- ** ** ** ** ** ** ** ** ** ** ** - * ** - 
Peach 
Anemones 0.198 
 
- - - - * - - - - - - - ** - - 
Isotealia 
0.431 -0.087 
 
- - ** - * - - - - ** ** - ** - 
Marbled 
Anemones 0.471 0.258 0.031 
 
- - - - - - - - ** - - * - 
Hormathia 
0.664 -0.019 0.262 0.051 
 
** - ** ** ** ** ** ** - - - - 
Artemidactis 
0.882 0.078 0.406 0.113 0.584 
 
** ** ** ** ** ** ** - - * - 
Unknown 
Anemone 0.482 0.375 0.115 0.188 0.168 0.433 
 
** ** ** ** ** - - ** - - 
Ascidian 
0.512 0.132 -0.085 0.131 0.476 0.441 0.534 
 
** ** ** * - - * - - 
Ophuiroids 
0.652 0.160 0.307 0.146 0.512 0.630 0.629 0.722 
 
** ** ** - * * - - 
Asteroids 
0.649 0.259 0.231 0.207 0.518 0.592 0.392 0.581 0.686 
 
** ** ** - * - - 
Urchins 
0.405 -0.070 -0.045 0.040 0.432 0.410 0.372 0.665 0.657 0.383 
 
- - - - - - 
Other 
Anemones 0.860 0.226 0.494 0.210 0.564 0.826 0.478 0.338 0.595 0.583 0.243 
 
** - * ** - 
Bryozoans 
0.748 0.253 0.446 0.621 0.371 0.562 0.169 0.032 0.267 0.456 0.019 0.609 
 
- - ** - 
Medusazoa 
0.183 -0.087 0.574 0.113 -0.017 0.146 0.114 0.185 0.285 0.222 0.116 0.080 0.085 
 
- * - 
Pycnogonid 
0.344 0.647 -0.078 0.207 0.008 0.277 0.606 0.356 0.345 0.294 0.154 0.352 0.193 -0.078 
 
- - 
Gastropod 
0.422 -0.123 0.630 0.281 0.277 0.318 0.063 0.031 0.234 0.204 -0.056 0.449 0.483 0.320 -0.048 
 
- 
Bivalve 
0.010 -0.043 -0.040 -0.026 0.162 0.006 -0.055 0.111 -0.008 0.032 0.229 -0.077 -0.021 -0.040 0.275 0.144 
 
*Significant at P=0.05; **significant at P=0.001; - not significant 
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2.4 Discussion 
Sea anemones were abundant around the coast of Terre Adélie, near Dumont d'Urville station 
in the depths ranging from 30-250m. We identified sea anemones from all of the transects to 
either species or morpho-group in most cases, based on their external morphology. The data 
showed that sea anemones were closely associated with communities of ascidians and 
bryozoans, suggesting that biogenic habitat composition plays an important role in sea 
anemone distribution. 
Species that control directly or indirectly the availability of resources to other species, and 
thus affect the distribution and abundance of the other species have been termed ecological 
engineers (Rimondino et al. 2015). Two important ecological engineers found in the Southern 
Ocean benthic ecosystem are bryozoans and ascidians (Rimondino et al. 2015; Wood et al. 
2012). Our study showed a clear association between the presence of bryozoans, ascidians 
and sea anemones in the Dumont d’Urville Sea (Figures 6, 7, and Table 3) suggesting these 
taxa are important ecosystem engineers in the coastal regions of Antarctica. Ascidians can 
recruit to soft sediment substrate and subsequently provide the structure for other benthic 
organisms such as anemones to attach (Rimondino et al. 2015). Although larger Antarctic sea 
anemones have the ability to move around the benthic environment, elevation gained by 
attaching to ascidians may enable them to access food higher in the water column and 
provide stability against currents, which usually occur in habitats that are rich in suspension 
feeders (Gutt and Starmans 1998). Furthermore, the sea anemones Metridium senile and 
Anthoe albocincta have been observed feeding on ascidian tadpole larvae suggesting that the 
ascidians are potentially providing a food source for sea anemones (Atalah et al. 2013; 
Nelson and Craig 2011). Bryozoans are also habitat-forming organisms, providing large 
structures for other organisms in the benthic environment, creating increased 
macroinvertebrate diversity (Wood et al. 2012). In Antarctica, habitat-forming bryozoan 
communities can extend for more than 1000 km creating a habitat for large diverse benthic 
communities (Wood et al. 2012). Along with other benthic invertebrates, cnidarians have 
been recorded living directly on bryozoans (Wood et al. 2012) and sea anemones could 
potentially be using the eggs and larvae from the bryozoans as a food source. Bryozoans 
require hard substrate, such as rocks and shells, and a supply of food to aid in colonization to 
an area (Taylor 2000). Other organisms can help provide suitable habitat for bryozoan growth; 
for example, in Southern New Zealand ascidians stabilize the sediment allowing bryozoans to 
settle and form reefs (Cranfield et al. 2004).  
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The distribution of sea anemone species along the transect may also reflect the effects of 
reproductive mode on sea anemone recruitment and dispersal. Sea anemones have a wide 
array of reproductive strategies, including sexual and asexual reproduction with the majority 
of sea anemones reproducing through a combination of  both, where others will only employ 
one or the other (Bocharova and Kozevich 2011; Shick 1991). Sea anemones can form clonal 
aggregations through fission and the release of brooded young (generated either sexually or 
asexually) that settle rapidly near the parent. This could explain low dispersal and clumping 
observed on the transects compared with wider dispersal that might be expected thorugh the 
broadcast spawning of gametes and subsequent planktonic development of larvae (Ayre and 
Grosberg 1995). Other benthic invertebrate species, for example, Abatus cordatus (sea 
urchin), have extremely low dispersal rates at a regional level due to its internal brooding and 
non-planktonic reproductive strategy (Ledoux et al. 2012; Poulin and Feral 1995), whereas 
Margarella antarctica (gastropod), which is a broadcast spawner, has a high larval dispersal 
rate (Hoffman et al. 2011). The reproductive mode of Antarctic sea anemones has scarecly 
been studie (Rodriguez and Lopez-Gonzalez 2013), and it is unknown whether reproductive 
mode has influenced their patchy distribution, but the con-specific clustering of individuals 
observed along the transects strongly suggests localised recruitment, which could also be 
explained by habitat selection at the time of settlement and recruitment.  
Low disersal and clustered distribution can also be linked to predator-prey relationships. We 
found significant positive correlations between sea anemone density and prey/predator 
species. Sea anemone dispersal could reflect the availability of prey species (ophiuroids and 
asteroids). The presence of predators (pycnogonids and gastropods) may also reflect the 
availability of prey. Another suggestion for the positive significant correlations with sea 
anemones and the predator and prey species may be that they too depend on ecological 
engineers to create habitat and substrate attachment, which could explain increased diversity 
in these habitats. To further understand links between predators and anemone distributions, it 
would be valuable to undertake further studies that assess diet of both sea anemones and their 
predators.  
One important process that is occurring in the Southern Ocean ecosystem is climate change, 
and small changes in Southern Ocean environments have already been shown to have effects 
on the species within them (Griffiths et al. 2008; Meredith and King 2005). For example, 
warming temperatures occuring in the Antarctic peninsula have increased the glacial retreat 
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of the Fourcade glacier surrounding Potter Cove in the Southern Ocean located along the 
Antarctic Peninsula coast. The glacial retreat has increased the amount of suspended particles 
in the cove causing an alteration to the benthic community structure and ascidian species 
composition and abundance at Potter Cove (Rimondino et al. 2015), and warming sea 
temperatures combined with increased ocean acidification are affecting the growth of 
bryozoans (Wood et al. 2012). In extreme cases, a combination of high concentrations of CO2 
and high temperatures can result in the death of the bryozoan colonies (Wood et al. 2012). 
Predictions about the shoaling (shallowing) of calcium carbonate saturation horizons also 
indicate potentially serious consequences for bryozoans, whereby assemblages in deep water 
may begin experience conditions of undersaturation, leading to permanently undersaturated 
environments (McNeil and Matear 2008). What effects this may have on calcifying 
ecosystem engineers such as bryozoans is unknown. Given the clear association between 
anemones, ascidians and bryozons shown here for the Antarctic coastal ecosystem, it is likely 
that any changes in the ecological engineer communities in Antarctic has the potential to 
greatly effect Antarctic sea anemone diveristy and abundance. Sea anemone density and 
diversity can be driven by different aspects of their life history, ecology and/or food 
availability, and this study shows there are associations between sea anemone distribution 
and the presence of ecological engineers in the coastal Antarctic marine ecosystem. 
Additional data from a range of depths around Terre Adélie would further strengthen our 
knowledge of ecological processes in this benthic habitat.  
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3 Relationship among Antarctic sea anemone 
distribution and abundance, habitat composition, 
community structure, and anthropogenic 
environmental disturbances. 
 
3.1 Introduction 
Sea anemones in the Southern Ocean are macrobenthic predators with the potential to 
live in a diverse range of Antarctic benthic communities. Most of the continental shelf 
species of sea anemones are thought to have a circumpolar distribution. They have 
depths ranging from shallow coastal areas to the edge of the continental shelf 
(Rodriguez et al. 2007). Many records available on Antarctic sea anemones are either 
very old (Carlgren 1927; Carlgren 1949; Carlgren and Stephenson 1929) or what little 
new information comes from western regions of Antarctica (Dunn 1983; Fautin 1984; 
Rodriguez et al. 2007). There are no fine-scale studies of sea anemone distribution and 
abundance along the Antarctic continental shelf. 
The shallow regions of the Southern Ocean around the Antarctic continental shelf 
contain a diverse range of benthic habitats from sheltered embayments to more open 
coastal areas and are easily accessible for distribution and ecology studies. These 
benthic environments are known for their stable sea temperatures and salinity, but 
fluctuate seasonally with sea ice and light between the summer and winter months 
(Knox 2007). They also include a wide range and mixture of rocky boulder/cobble 
fields to muddy/sandy sediment flats (Knox 2007). It is expected that the rocky habitat 
in the shallow coastal region would provide substrate attachment and shelter for most 
Antarctic sea anemones in these regions as most sea anemone species are epilithic and 
require hard substrate attachment (Ammons and Daly 2008).  
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Many Antarctica research stations are located in these easily accessible ice free coastal 
regions. These coastal regions generally have highly diverse benthic marine ecosystems 
(Stark et al. 2014). A consequence of Antarctica research stations in these regions are 
man-made disturbances causing environmental stress to the benthic community. Some 
of the disturbances include fuel and oil spills and landfill, marine waste, sewage and 
wastewater disposal sites (Stark et al. 2014). Little is known about the impacts from 
these disturbances on polar benthic communities (Stark et al. 2014). Impacts to these 
environments could potentially have negative implications for benthic diversity due to 
the low connectivity between populations and slow recovery from disturbance (Stark et 
al. 2014). A major component of the waste disposal from the research stations are heavy 
metals (Stark et al. 2003b; Stark et al. 2003c).  
Effects of heavy metal disturbances on sea anemones in laboratory settings have shown 
effects are species-specific and vary among heavy metals, but broadly include tentacle 
retraction, endosymbiotic loss, and in extreme cases death (Elran et al. 2014; 
Mitchelmore et al. 2003). The effects of heavy metal on Antarctic sea anemones are 
unknown. We can use effects on other taxa as a guide. Other taxa have shown decreases 
in abundance or are completely absent in heavy metal contaminated habitats 
(echinoderms, cirratulid polychaetes, cumaceans, ostracods, oligochaetes) (Stark et al. 
2014). It is thought these species have the potential to be indicators of disturbances 
(Stark et al. 2014). Sea anemones may follow the same trend as these taxa and we may 
see a decrease in abundance or absence of sea anemones in heavy metal disturbed 
regions. If so, they could potentially be an indicator species for the presence of heavy 
metal contamination. Unfortunately little is known about sea anemone abundances and 
more specific ecological studies on non-impacted sites will help define criteria for 
assessment and detection of environmental disturbances in other regions of Antarctica. 
A variety of methods have been used to survey species abundance and distribution in 
benthic habitats, including video transects (Gutt 2007) and photoquadrats (Stark et al. 
2003b). Photoquadrat surveying allows for fine-scale, non-invasive examination of 
benthic communities. In shallow waters, diving along transects (10-100m
2
) collecting 
data allows more accurate quantitative information on species-specific questions (Hill 
and Wilkinson 2004). The first step in using Antarctic sea anemones as a potential 
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indicator species is to document their diversity, abundance and distribution. Photo 
quadrat surveying allows information on abundance, distribution and the habitat 
preferences of particular sea anemone species and their relationships with other benthic 
species. Sea anemones are conspicuous and easily counted in videos and photographs. 
Individual samples are easily accessible for collection from boats and free diving for 
genetic and reproductive work. These characteristics are useful when choosing a 
candidate for disturbance studies.  
This study compares the sea anemone distribution and abundance from two different 
geographical regions of East Antarctica through photoquadrat surveying. The two 
geographical regions are also the locations of two Australian Antarctic research stations, 
Casey Station and Davis Station, and the coastal regions around these stations are a 
focus for human impacts and environmental stress studies (Baird and Stark 2014; 
Powell et al. 2003; Stark et al. 2003a; Stark et al. 2003b).We quantified sea anemone 
densities from these regions and compared it to habitat composition, benthic community 
patterns, and human impacts. It is hypothesized that there would be an increase of sea 
anemone abundance in highly diverse rocky habitats, and a decrease in abundance in 
locations associated with human disturbances, such as sewage outfalls, waste disposal 
sites, and heavy metal contamination.  
3.2 Methods 
3.2.1 Survey Locations 
The Casey Station survey compared two similar locations within the region with one 
non-impacted location (O’Brien Bay) and one impacted location (Brown Bay) allowing 
a detailed study of disturbance effects. The impacted location, Brown Bay, is adjacent to 
the former waste disposal site (‘Old Casey’ waste dump (Stark et al. 2003a)). Three 
sites were selected within Brown Bay at increasing distance from the shoreline disposal 
site: Brown Bay Inner (BBI: 50 -100 m from shore, 5 -7 m depth); Brown Bay Middle 
(BBM: 150 – 250 m from shore, 8 – 12 m depth); and Brown Bay Outer (BBO: 300 – 
400 m from shore, 15 – 20 m depth) (Figure 1). High levels of heavy metal 
contamination was detected in Brown Bay, 100x that of other sites like O’Brien Bay 
(Stark 2000). The locations within Brown Bay were compared with three control sites 
within the O’Brien Bay, a large bay to the south of Casey Station, which is largely 
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undisturbed by human activity (Figure 1). Three sites were surveyed at similar depths 
(12-20 metres) to Brown Bay (OB1, OB2, and OB3). At both locations, surveys were 
conducted in different habitats types for each site: boulders, flats, and deep flats (OB1 
only). Boulders survey plots were placed along the base of large boulders at the site to 
examine the habitat composition around the boulders. Flats and deep flats are areas of 
non-boulders with flat to undulating slopes of sediment, rock, gravel and cobbles. The 
deep flat survey was classified due to its depth, but its habitat type is similar to other flat 
habitats. 
Davis Station survey sites were chosen to represent a range of distances to a sewage 
outfall. Sites ranged from tens of metres to over 10 km from the outfall and represented 
a much greater spatial extent than the Casey Station survey. This survey also included a 
diverse range of habitats found within each site to provide a detailed study of sea 
anemone habitat preferences. The sites varied in habitat type from rocky reefs to 
varying mixes of sediments and rock to very fine sediments (Figure 1). The sites were 
all semi-enclosed coastal regions protected by outlying islands or in embayments. Site 
depths were similar to depth ranges from the Casey Station survey. 
3.2.2 Photoquadrat methods 
At Casey Station sampling was conducted along 25 m transects laid parallel to the 
contour. Two replicate surveys were taken at each habitat site, approximately 100 m 
apart, and within each site three parallel transects approximately five metres apart were 
surveyed. Two 5 x 2 m plots were haphazardly selected along each transect (five metres 
long and one metre either side of the transect tape) so they did not overlap and they 
were at least five metres apart. Within each plot 5 – 10 photos were taken using a 
camera mounted on a frame at a fixed distance above the seabed.  
At Davis Station, each site was approximately a circle of 50 m radius around a 
workboat. Three 25 m tape measures were laid out haphazardly within this area and 4 - 
6 photos were taken in each of two plots on each transect as described for Casey Station. 
A separate detailed habitat survey was conducted along four 25 m transects describing 
the benthic habitat at each site.   
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Figure 1: Map of site locations from Casey Station and Davis Station, East Antarctica. 
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3.2.3 Photoquadrat analysis 
A grid of 100 points was overlaid on each photoquadrat and habitat type and biota under 
each point was recorded to obtain percent coverage. Habitat was classified into gravel 
and pebbles, shell (substrate composed of shell pieces), macroalgae, rock, sediment, 
rubbish (pieces of rubbish covering the substrate), sand combined (sand with a mixture 
of gravel and pebbles), and mud combined (mud with a mixture of gravel and pebbles). 
Macroalgae was also considered a habitat type in some photoquadrats due to its high 
percent cover. Biota were classified to class or family level to examine community 
pattern associations between major groups of animals (astroidea, echinoids, ophiuroids, 
gastropods, nemerteans, bryozoans, porifera, ascidians, pychnogonids, diatoms, 
macroalgae, and bivalves) with sea anemones. Sea anemones were classified to species 
level where possible or grouped with similar morphological species when 100% 
identification was impossible. A separate count of all large species found in each photo 
was conducted to determine densities (asteroidea, echinoids, ophiuroids, gastropods, 
nemerteans, pychnogonids, and bivalves).  
3.2.4 Data analysis 
We initially examined regional sea anemone density overall at each station (Density = 
n/total number of photos per region). A one-way ANOVA was used to assess 
differences between sea anemone density between the two regions (Casey Station and 
Davis Station). Differences between the overall habitat compositions per region were 
also compared (the separate detailed Davis Station habitat survey was also included in 
this comparison). The total data was then transformed using square root to lessen the 
influence of very abundant habitat types and multivariate analysis was used to compare 
habitat composition between regions using the PRIMER-6 software package (Clarke 
and Gorley 2015). Similarity matrices for habitat compositions were based on Euclidean 
distance.  
The habitat composition and the community pattern data were examined for 
relationships amongst sites and plots within each region using multivariate analysis. The 
count data was used for the larger species and the percent coverage data was used for 
colonial species or where individuals could not be distinguished for the community 
pattern analysis (bryozoans, ascidians, porifera, diatoms, and macroalgae). Again, 
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Euclidean distances were used for habitat composition and Bray-Curtis similarities were 
used for the community data. Cluster analysis and nMDS ordinations were used to 
explore relationships with habitat and community patterns. SIMPROF and SIMPER 
analysis (similarity percentages, PRIMER) were then used to identify habitat types and 
key species of the assemblages that contributed the most to dissimilarity between 
groups and similarity within groups. They were identified through cluster analysis. Sea 
anemone density was then compared to the nMDS plots and clusters to look for 
associations in sea anemone habitat and community preferences. 
3.3 Results  
3.3.1. Regional sea anemone density 
Casey Station had a significantly higher density (Density = 0.27, 770 photos) of sea 
anemones than Davis Station (Density = 0.06, 660 photos) (F1,42 = 6.08, p-value = 0.02; 
Figure 2). Overall sea anemone density is quite low, but the within regional analysis 
showed that sea anemone density was high at specific sites (see Figures 5-6 later in the 
results).  
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Figure 2: Sea anemone density average with standard error from overall photo 
quadrat survey from two Regions, Casey Station and Davis Station, East 
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3.3.2 Regional habitat composition 
The overall regional habitat composition also differed between the two stations. The 
sites at Casey Station had a higher percentage of rocky environments than the sites at 
Davis Station, which had a larger proportion of sites with mud and sandy sediment 
(Figure 3). The benthic substrata was difficult to determine in many photos at Davis 
Station due to macroalgae covering the bottom substrate in the photos (Figure 3), but 
data from the detailed Davis Station habitat survey showed that this was mainly a 
mixture of rock or sediment and hard substrate (gravel or cobbles) (Figure 3). 
An nMDS and cluster analysis of the habitat composition from photoquadrat analysis 
showed a difference in the types of habitats found within each region (Figure 4). The 
sites at Casey Station were far more similar to each other, except for a few individual 
plots when compared to the broader range of habitats found in the Davis Station survey 
(Figure 4). Given the broad differences in the regions, analysis of the two regions was 
done separately to allow a more fine-scale analysis at both stations. 
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Figure 4: nMDS plot illustrating groups from cluster analysis of average habitat 
composition per plot (n=4 to 6 reps per plot) from Casey Station and Davis Station, East 
Antarctica. Significantly different groupings are based on SIMPROF analysis.  
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3.3.3 Habitat Composition 
3.3.3.1 Casey Station 
Sea anemones were found at all sites and habitats across Casey Station. The density of 
sea anemones varied among sites (Brown Bay Inner (BBI), Brown Bay Middle (BBM), 
Brown Bay Outer (BBO), O’Brien Bay 1, 2, and 3 (OB1, OB2, and OB3). BBI had a 
relatively high density of sea anemones compared to other sites. Brown Bay in general 
had a higher density compared to O’Brien Bay. Sea anemones found at Casey Station 
were mainly the larger peach sea anemones, which were very difficult to identify to 
species from photos and could be one of three species: Urticinopsis antarctica, Isotealia 
antarctica, or Glyphoperidium bursa. Two other sea anemones were identified at the 
O’Brien Bay sites, Hormanthia lacunifera and Artemidactis victrix, but were found in 
low abundances (1-2 individuals per survey location).  
The nMDS and cluster analysis of the habitat composition at Casey Station showed 
three distinct groups (Figure 5a). The Brown Bay boulder habitat sites grouped together 
and were most similar to the OB3 sites, with all having a high proportion of rock. The 
Brown Bay flat habitats from BBI and BBM grouped together and tended to have more 
sediment. The BBO site grouped with the other OB1 and OB2 sites and contained a 
mixture of sediment and rocky substrate (Figure 5).  
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Figure 5: Habitat composition and sea anemone counts at Casey Station. A) nMDS plot of average habitat composition per site B) 
vector plot of habitat variables correlated with nMDS axes in A; C) Bubble plot of average total sea anemone count per site overlayed onto 
the nMDS plot of habitat composition; D) nMDS plot of average habitat composition per plot (n = 4 to 6 reps per plot, different colours and 
symbols for the different sites, see figure 1). Significantly different groupings are circled in A and C based on SIMPROF analysis
  B 
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3.3.3.2 Davis Station  
The types of sea anemones found at Davis Station were the peach sea anemones and a 
large white burrowing sea anemone with 10-12 tentacles. This species is unidentified, 
but has been initially placed in the Actinostolidae family based on morphological 
features (Michela Mitchell, personal communication). The large white burrowing sea 
anemones were found in sites with higher sediment content than hard substrate while 
the large peach sea anemones were found in the sites covered by macroalgae and rock 
(Figure 7).  
The analysis of the habitat composition from Davis Station photoquadrats showed two 
main groups, one large group of mainly macroalgae dominated, unknown substrate 
(seabed that could not be seen in the photos) sites and a smaller group of sediment 
dominated sites (Figure 6). The habitat transect surveys showed more diverse habitat 
composition, with 4 main habitat types: sand, mud, rock and a mixture (Figure 7). 
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Figure 6: Analysis of benthic habitat composition at Davis. A) nMDS plot of average habitat composition per site; B) nMDS plot of 
average habitat composition per plot within sites (n = 4 to 6 reps per plot, different colours and symbols for the different sites, see figure 1); 
C) vector plot of habitat variables correlated with nMDS axes in A; (D – E) Bubble plots of D) white burrowing and E) peach sea anemone, 
overlayed onto the nMDS plot of site habitat composition (as in A). Significantly different groupings in A, D, and E are based on 
SIMPROF analysis.
  B C 
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Figure 7: Habitat composition from tape surveys and sea anemone counts at Davis Station. A) nMDS plot of habitat composition 
summed over sites; B) vector plot of habitat variables correlated with nMDS axes in A; (C - D) Bubble plots of total sea anemone counts 
for C) white burrowing and D) peach sea anemones, overlayed onto the nMDS plot of habitat composition (as in A). Significantly different 
groupings circled in A, C, and D are based on SIMPROF analysis.
  B 
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3.3.4 Community patterns 
3.3.4.1 Casey Station 
Sea anemones at Casey Station were found at diverse sites. Multivariate analysis of the 
community patterns at Casey Station revealed distinct groups which were strongly 
related to habitat. There were significant differences between the boulder and flat 
communities. The boulder habitats had higher diversity than the flats. Brown Bay and 
O’Brien Bay sites differed in the types of species present except for OB3 flats, which 
was similar to BBM flats (Figure 8). Brown Bay was more bryozoan dominated with 
algae, ophiuroids, nemerteans, and sea anemones (Figure 8). O’Brien Bays sites were 
more ascidian dominated with echinoids, pycnogonids, asteroidea and diatoms (Figure 
8).  
3.3.4.2 Davis Station 
The sea anemone species density at Davis Station showed that the peach sea anemones 
typically clustered with the more diverse areas, including diatoms, ascidians, 
pycnogonids, asteroidea, and porifera, whereas, the white burrowing sea anemones were 
found in less diverse areas with bivalves, nemerteans, ophiuroids, and echinoids (Figure 
9). 
Multivariate analysis of community patterns showed three main groups of communities 
(Figure 9). The analysis at the plot and site level showed similar results, with the main 
group containing a diverse range of species (echinoids, ophiuroids, gastropods, 
bryozoans). This group also showed higher levels of macroalgae. A smaller group still 
showed high diversity, but showed an increase association with diatoms instead of 
macroalgae. The last group showed the least diversity with an increase association to 
bivalve and nemertean species. 
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Figure 8: Community composition at Casey Station. A) nMDS ordination of communities averaged over each site; B) Vector plot of 
communities averaged over each site showing correlations of major taxa with nMDS axes in A; C) nMDS ordination of communities 
averaged over plots (n = 4 to 6 reps per plot, different colours and symbols for the different sites, see figure 1) at each site; D) Bubble plot 
of average total sea anemone count per site overlayed onto the nMDS plot of habitat composition. Significantly different groupings circled 
in A and D are based on SIMPROF analysis. 
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Figure 9: Community composition and sea anemone counts at Davis Station. A) nMDS ordination of communities averaged over each 
site; B) nMDS ordination of communities averaged over plots with sites (n = 4 to 6 reps per plot, different colours and symbols for the 
different sites, see figure 1) at each site; C) Vector plot of communities averaged over each site showing correlations of major taxa with 
nMDS axes in A; (D-E) Bubble plots of total sea anemone counts for D) white burrowing and E) peach sea anemones, overlayed onto the 
nMDS plot of site community composition (as in A). Significantly different groupings circled on A, B, D, and E are based on SIMPROF 
analysis.
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3.4 Discussion 
Sea anemones were found in the shallow benthic environment around both Casey 
Station and Davis Station in a range of habitats. Two types of sea anemones were found 
living in differing habitat types; large sea anemones that attach to substrate such as 
rocks and ascidians and burrowing sea anemones that are found in muddy, sedimentary 
habitats. The burrowing sea anemones were only found at Davis Station. There were 
differences between the habitat compositions at Casey Station and Davis Station. The 
Casey Station survey sites were chosen for their similarities whereas the Davis Station 
sites were chosen to compare a diverse range of habitats. Finally, sea anemones were 
found in human impacted sites, and at Casey Station there was an unexpected increase 
in sea anemone abundance at the impacted sites. 
The Casey Station survey focused on protected rocky coves and embayments, which 
provides protection and substrate attachment for the sea anemones. Habitat composition 
was different between the two bays at Casey Station, Brown Bay and O’Brien Bay, and 
sea anemone numbers were also different between bays. The higher number of sea 
anemones at Brown Bay was associated with a high percentage of rock cover. Rocky 
habitats provide substrate attachment for sea anemones (Ammons and Daly 2008; Lee 
et al. 2015). Although they are mobile, sea anemones attach themselves to substrate 
through the use of their basal disc. Another reason for the higher numbers of sea 
anemones at Brown Bay could be the openness to the Southern Ocean. The peach sea 
anemones found in this survey range from shallow benthic environments (6m) to deep 
benthic environments (600m) (Brueggeman 1998). Brown Bay is part of Newcomb Bay 
which has a more open mouth compared to O’Brien Bay which is protected by islands, 
and this may allow migration of sea anemones more readily by currents than in O’Brien 
Bay given currents can aid in the dispersal of sea anemones (Bargelloni et al. 2000; 
Demarchi et al. 2010).  
At Davis Station, the survey focused on a diverse range in habitat types and showed that 
habitat composition plays a key role in sea anemone habitat preferences. The transect 
survey revealed that the sites were more diverse than revealed by the photoquadrat 
survey, largely due to the presence of macroalgae in photos, which obscured the 
substrate underneath. The white burrowing sea anemones preferred more muddy, 
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sediment habitats, but were also found in habitats that were a mixture of rock and 
sediment. The peach sea anemones were found more often in the sites that were a 
mixture of rocky habitats. No sea anemones were found in the habitats that were mainly 
sand. This study also showed a relationship between sea anemone type and habitat. 
Other studies on anthozoan species have also shown that microhabitat affects the type of 
species that dominates an area (Fautin 1988). 
Analysis of biological associations within epibiotic communities at both stations 
showed that the peach sea anemones were found in diverse communities with a mixture 
of species, whereas the white burrowing sea anemone was found in less diverse 
communities. The communities that white burrowing sea anemones were found 
comprised of muddy habitats with other burrowing species that prefer a sedimentary 
type of habitats, such as bivalves that inhabit sedimentary substrates (Schiaparelli and 
Linse 2006). One particular site at Davis Station (site 15C, Figure 6 and 8) differed 
from this as it contained a high percentage of mud, but showed a diverse community. A 
visual inspection of the photoquadrats from this site found an association between sea 
anemones and ascidians. Ascidians are hypothesised to be ecological engineers 
(Rimondino et al. 2015) and settle in sediment, creating substrate for attachment for 
other benthic organisms (Rimondino et al. 2015). The strong association between 
ascidians and sea anemones at 15C provide evidence for this occurring.  
We predicted that there would be a lower abundance of sea anemones at impacted sites 
from both stations. At Casey Station, there was an increase of sea anemone abundance 
near the abandoned waste disposal site at Brown Bay. The highest numbers of sea 
anemones were found closest to the disposal site at the BBI sites (boulders and flats), 
and then the numbers began to taper off from BBM and became similar to the O’Brien 
Bay sites. Other studies examining responses to crude oil contamination revealed 
premature spawning of sea anemone larvae with exposure, decreasing juvenile survival 
rate (Ormond and Caldwell 1982). Another example of environmental stress effects was 
seen in the Mediterranean sea anemone, Actinia equina which showed an increase in 
genetic variation indicating sexual reproduction at stressed sites. This is a change in 
reproductive mode for this sea anemone and was triggered by the increase in sea 
temperatures toward the outer limits of their distribution (Chomsky et al. 2009). Actinia 
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equina showed a decrease in abundance in areas of stress. These results are opposite to 
the increase in sea anemone density found in this study. The reproductive mode of sea 
anemones from this study are unknown and more information on reproductive strategies 
would help us to understand if environmental stress is impacting sea anemone 
abundance in this region. There were also differences in the diversity of benthic species 
between impacted and non-impacted sites with impacted sites BBI and BBM being 
similar, and impacted site BBO was more similar to the non-impacted sites in O’Brien 
Bay. It is not known if the differences in diversity are a result of the waste disposal site, 
however, a previous study of benthic macrofaunal communities found significant 
differences between control sites and impacted sites in Brown Bay, suggesting the waste 
disposal site is having an effect (Stark et al. 2003a).Although several sites at Davis 
Station were near the sewage outfall, there was no significant difference in sea anemone 
abundance associated with proximity to the sewage outfall. More research using 
replicated surveying methods at other known “old waste dumps” around other Antarctic 
research stations would help determine if the increase abundance of sea anemones at the 
Casey Station impacted sites are unique. 
Photoquadrat survey data is a useful tool for understanding the ecology of sea anemones. 
The choice of sites in each survey played an influential role in the type of data obtained. 
Smaller scale or habitat specific surveys, such as at Casey Station, are important in 
understanding specific habitat preferences of sea anemones and the response of sea 
anemones to environmental stress. The Casey Station survey allowed a fine-scale 
analysis of similar habitats and showed that factors such as environmental stress and 
habitat type affect sea anemone species abundance and distribution. For example, the 
peach sea anemones were found in greater abundances in boulder habitats and sites with 
rockier reef. In contrast, broad-scale surveys, such as at Davis Station, help to establish 
where and what type of sea anemone species are found. The Davis Station survey 
included a more diverse range of habitat types which demonstrated inter-species sea 
anemone habitat preferences, with a burrowing, white sea anemone only found in 
sediments and peach sea anemones found in greater abundances in rockier habitats. 
Including a more detailed habitat survey at Davis Station alongside the photoquadrat 
survey provided fine-scale habitat and understanding of habitat type as well. 
Photoquadrat surveys were useful in identifying key areas of sea anemone distribution 
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to target in future studies, and are the first step in understanding sea anemones and their 
potential for environmental monitoring.   
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Aim 2: 
To identify species and understand phylogenetic relationships of sea anemones 
from the Antarctic continental shelf and the Sub-Antarctic 
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4 The identification of Southern Ocean sea anemones 
through the use of barcoding techniques. 
 
4.1 Introduction 
Climate change is having an impact on global diversity, with species extinctions rising 
at an unprecedented rate (Chown et al. 2015). Creating biodiversity baselines is vital for 
understanding the effects of climate change around the world (Dettai et al. 2011) and for 
implementing measures to reduce or minimise biodiversity loss. For regions such as the 
coastal Antarctica and the Southern Ocean this need is particularly urgent as they are 
predicted to be strongly affected by climate change (Bennett et al. 2015). However, 
these are among the world’s least studied marine ecosystems and we risk losing species 
before we even realise they exist or understand their role in the ecosystem. 
Early research suggested that marine biodiversity in the Southern Ocean was low and 
was constrained by the harsh environment (Chown et al. 2015). However, recent studies 
have suggested that Southern Ocean diversity is comparable to many temperate and 
non-reef tropical habitats (Chown et al. 2015). Much of this diversity is yet to be 
documented. However, Gutt et al. (2004) estimated that only a quarter of the benthic 
fauna of the Antarctic continental shelf had been formally described. More recent 
sampling, for example the ANDEEP program in the Weddell Sea, has markedly 
increased our understanding of Southern Ocean benthic biodiversity while highlighting 
that much is yet to be discovered. For example, 86% of the 674 nominal species of 
isopods collected during the ANDEEP voyage were undescribed (Brandt et al. 2007). 
Southern Ocean sea anemones are another example of how little we know about species 
in this benthic ecosystem. While some species were identified taxonomically in the 
early 1900s (Rodriguez et al. 2007), a paucity of subsequent taxonomic work has left 
many specimens either unidentified or incorrectly identified. More recently, Rodriguez 
and Lopez-Gonzalez (2013) recorded 22 new records of anthozoans in Antarctica from 
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the Weddell Sea, Antarctic Peninsula, and the Scotia Sea. The results of their research 
show that there is more research to be done on sea anemone identification in the 
Antarctic. 
The taxonomic classification within sea anemone groups was largely based on the 
presence or absence morphological features (Daly et al. 2008). More recently there has 
been a surge of studies trying to understand the evolutionary history of sea anemones 
(Daly et al. 2008; Daly et al. 2010; Rodriguez et al. 2012). These studies have combined 
classification based on morphological features (such as acrorhagi and verrucae (Larson 
et al. 2016)) with more recent molecular techniques (Daly et al. 2008; Daly et al. 2003). 
The resulting increased understanding of sea anemone phylogenetics has led to a 
restructuring of classifications at the family and higher levels (Daly et al. 2008; Daly et 
al. 2010; Rodriguez et al. 2012; Rodriguez and Lopez-Gonzalez 2002; Rodriguez and 
Lopez-Gonzalez 2003; Rodriguez and Lopez-Gonzalez 2005; Rodriguez et al. 2009; 
Sinniger et al. 2010). An interest in re-examining sea anemones from the Southern 
Ocean and understanding their connections to the Scotia Arc and the Magellan regions 
of South America has also been developing (Rodriguez and Lopez-Gonzalez 2013; 
Rodriguez et al. 2007). 
For many taxa, identification based on morphological features is not enough to delineate 
individual species (e.g. Corals (Schmidt-Roach et al. 2012), and Crinoids (Wilson et al. 
2007)). Modern molecular techniques, such as DNA barcoding, can help resolve some 
of these discrepancies and increase the reliability of identifications (Daly et al. 2010). 
Databasing initiatives, such as the Barcode of life, that collate DNA sequencing 
information greatly increase the degree and accuracy of comparability between 
specimens and led to a rapid rise in estimates of Southern Ocean benthic diversity 
(Chown et al. 2015). Unknown, rare, and cryptic species have been uncovered and our 
understanding of the distribution of species around the region has markedly improved 
(Arango et al. 2011; Baird et al. 2011; Rock et al. 2008; Wilson et al. 2007). In addition, 
these techniques and DNA barcoding databases also provide information on the 
evolutionary links between species from the Southern Ocean and other regions around 
the world (Clarke 2008).  
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For the majority of DNA barcoding comparisons between species the mitochondrial 
(mtDNA) gene region Cytochrome c oxidase subunit I (COI) is ideal (Herbert et al. 
2003). However, some taxonomic groups, such as anthozoans, have slow evolving 
mitochondrial gene regions and COI may not be useful for identifying species because 
of the low levels of variation in sequences (Shearer et al. 2002). Anthozoan species 
within the same genus have reported very low sequence divergence levels in COI 
ranging from 0-0.2% (Shearer et al. 2002), while divergence among sea anemone 
species is even lower at 0-0.1% (Shearer et al. 2002). In contrast, other Cnidarian 
groups have highly variable mitochondrial regions. For example, Scyphozoa have a 
divergence level between species of 13-24% (Dawson and Jacobs 2001). Other marine 
taxa are similar to Scyphozoa showing high COI divergence ; copepods (18%) (Bucklin 
et al. 1998), Australian fish species (8.11%) (Ward et al. 2009), Antarctic fish groups 
(<1-24%) (Dettai et al. 2011), and crabs (7.9-21.5%) (Brandao et al. 2016).  
Other mitochondrial gene regions, such as 16S region, also tend to have low levels of 
divergence among anthozoan lineages, with divergence ranging between 0-3.5% 
(Shearer et al. 2002). As for COI, 16S also shows high levels of divergence among 
other marine taxa; copepods (10%) (Bucklin et al. 1998) and crabs (6.4-14.5%) 
(Brandao et al. 2016). The nuclear ribosomal (rDNA) gene complex incorporating 18S, 
ITS1, 5.8S, ITS2, and 28S (complete ITS region) has shown potential for species-level 
identification in anthozoans with an average sequence divergence of 23.84% among 
species of sea anemones (Worthington Wilmer and Mitchell 2008). Studies on 
scleractinian corals have reported 0-6.9% genetic divergence for the ITS2 region and 
0.0-5.2% for complete ITS (Van Oppen et al. 2000), suggesting this region may be 
better suited to deciphering species relationships in anthozoans than mitochondrial gene 
regions. 
Our current knowledge of Southern Ocean sea anemone biodiversity is poor compared 
to other groups (Rodriguez and Lopez-Gonzalez 2003). The use of barcoding has the 
potential to identify and resolve some of the taxonomic uncertainties, increasing our 
knowledge of Southern Ocean sea anemone biodiversity and distribution. There are very 
few studies examining different barcoding regions in sea anemones (Dohna and 
Kochzius 2016; Worthington Wilmer and Mitchell 2008). The ITS region has shown 
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some potential as a barcording region, but more extensive studies are required(Dohna 
and Kochzius 2016; Worthington Wilmer and Mitchell 2008). Southern Ocean sea 
anemone species have been included in global phylogenetic studies (Daly et al. 2008; 
Daly et al. 2010; Rodriguez et al. 2012), yet there are no Southern Ocean specific 
studies. Biogeography examination of the Southern Ocean sea anemones showed many 
gaps in the knowledge of sea anemone distributions especially in Eastern Antarctica 
(Rodriguez et al. 2007). A more thorough investigation is needed to understand the full 
diversity, circumpolar relationships, and evolutionary connections in the Southern 
Ocean sea anemones.  
In this study we apply DNA barcoding techniques to identify sea anemones collected 
from coastal waters along the Antarctic continental shelf and the sub-Antarctic 
Macquarie Island. We tested three gene regions for their suitability in barcoding 
Southern Ocean sea anemones. Firstly, the mitochondrial gene region COI, which 
despite the known limitations with anthozoans, was used to standardise with published 
barcoding systems. Additionally, we sequenced the mtDNA gene region 16S and the 
rDNA regions ITS2 and complete ITS to determine if they were more or less useful than 
COI for distinguishing Southern Ocean sea anemone species. Identification through 
molecular techniques is a potential tool that can be used to resolve some morphological 
discrepancies found by taxonomists and help to establish a stronger baseline for sea 
anemone biodiversity in the Southern Ocean. Our concentration on Eastern Antarctic 
collection will help fill in gaps found in the distribution of sea anemones in this region.  
4.2 Methods 
4.2.1 Sample collection and morphology 
A total of 391 sea anemone specimens were collected from five Southern Ocean 
locations; four continental shelf locations near the Antarctic stations of Casey, Davis, 
Dumont d’Urville, and Rothera, as well as from the sub-Antarctic waters of Macquarie 
Island during four Antarctic summer seasons (Table 1, Figure 1). Specimens were 
collected using a range of techniques including SCUBA diving, snorkelling, benthic 
sleds, and intertidal collections. All samples were preserved in 100% ethanol. 
Continental shelf sea anemones were initially identified morphologically based on 
external features (e.g. live colour, tentacle number) according to Brueggeman (1998). 
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The Macquarie Island samples were smaller specimens requiring examination of 
external and internal features after preservation using Fautin (2013) and Carlgren (1949) 
to aid in identification. Macquarie Island samples were also taken to the Victoria 
Museum in Melbourne, Australia for identification. They were compared to the 
museum’s collection of samples from Macquarie Island. 
A total of 9 putative species were identified through the use of morphological features 
from the five regions (four continental shelf, one sub-Antarctic island) (Figure 1). 
Samples from the continental shelf were collected at depths from 5-250m in a range of 
habitats from rocky shallow habitats to deeper highly diverse bryozoan or ascidian 
dominated benthic habitats. Urticinopsis antarctica and Isotealia antarctica species 
were identified by their peach or red colours and were distinguished from each other by 
their tentacle numbers in the field. These two species were found at most continental 
shelf sites in the shallow waters (< 30m) and were collected through SCUBA diving and 
snorkeling. The remainder of the continental shelf species were found only at Dumont 
d’urville in deeper waters (> 30m) and were collected through benthic sleds. Stomphia 
selaginella and Hormosoma scotti share similar external features (white and peach 
marble colour on the body column). Hormathia lacunifera is externally identified by 
having two dinstinct divisions of its body wall. The upper body wall or scapulus is 
smooth and white, whereas the lower half or scapus is brownish with tubercles 
(Brueggeman 1998).  
The Macquarie Island specimens were collected from intertidal pools. The limited 
information on sub-antarctic sea anemones made identification of individual specimens 
to the species level (and for one case genus level) impossible for most specimens. All 
specimens belonged to the Suborder Nynantheae and the Tribe Thenaria (Carlgren 
1949). Distinctions were able to be made at the Suborder level, distinguishing between 
Anenthemonae and Enthemonae, and to the Superfamily level (Rodriguez et al. 2014). 
Identification at lower taxonomic levels becomes difficult as the number and 
arrangement of tentacles overlaps between species and it is possible to miss certain 
types of nematocysts during examination. Furthermore, nematocyst identification is 
difficult and was previously debated amongst taxonomists (England 1991). More recent 
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work highlights that nematocyst classification is highly diverse and requires the use of 
advanced microscopy techniques for proper identification (Reft 2012). 
4.2.2 Molecular methods 
Tissue samples were removed from the tentacles or body column of the sea anemone 
specimens and DNA was extracted using a Qiagen DNeasy Blood and Tissue kit 
following the manufacturer’s Quick-Start Protocol for tissue (incubation time varied 
between 4-12hours). The COI, 16S and ITS DNA regions were amplified using 
polymerase chain reactions (PCR). Because the complete ITS region would not amplify 
for the continental shelf species only the ITS2 region was targeted for these species, as 
it is known to be the most variable region of the ITS in anthozoans (Shearer et al. 2002). 
Each 12.5µL PCR reaction contained 10ng/µL of DNA, 6.25µL of GreenTaq Master 
Mix, and 0.25µL of 10mM Primer solutions (Table 2). PCR cycles differed for each 
gene region (Table 2). PCR products were visualised on 1% agarose gels, then cleaned 
with QIAquick PCR purification kits using the manufacturer’s protocol, and the purified 
DNA samples were sent to the Australian Genomic Research Facility for Sanger 
sequencing. COI and 16S regions were sequenced in both directions using the primers 
from the PCR reaction. Complete ITS and ITS2 samples were sequenced in the forward 
direction only using the primers from the PCR reaction. The quality of the reverse 
sequences were too poor to be used in analysis. 
4.2.3 Analysis of sequences 
Sequences were aligned using Mega 6.06 (Tamura et al. 2013). Then, BLAST (Altschul 
et al. 1990) was used to check for genetic relationships of sequences with other sea 
anemone species. The 16S and COI gene regions were concatenated for analysis. A 
consensus sequence for each species and region was created using BioEdit 7.2.5 (Hall 
1999). The consensus sequences from all of the species were then aligned using 
ClustalW in Mega 6.06.  
The appropriate model for nucleotide substitution for each gene region was evaluated 
using JModelTest 2.1.7 (Darriba et al. 2012; Guindon and Gascuel 2003). Model 
selection was based on Akaike Information Criterion corrected (AICc). A consensus 
tree was created for each DNA region using MrBayes 3.2.3 (Ronquist et al. 2012). The 
default MrBayes settings were used with the exception of the evolutionary model, 
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distribution rates, and run lengths. Run lengths varied from 150,000 (complete ITS and 
ITS2) to 250,000 (COI and 16S concatenated). The split frequency cut off value was 
0.01. Mr Bayes outputs were checked with Tracer 1.6 (Rambaut et al. 2014). The 
consensus tree for each region was viewed using Fig Tree 1.4.2 (Rambaut and 
Drummond). Sequences from Metridium senile, a sea anemone from northwest Europe, 
were sourced from Genbank and used to root the consensus tree (Genbank Accession 
numbers: U36783 (COI), KJ482950 (16S), KT852219.1 (complete ITS and 
ITS2)).Pairwise distances were calculated in Mega 6.06 and Kimura-two-parameter 
(K2P) model (Kimura 1980) was used. The K2P model is the best metric to use when 
distances are low (Herbert et al. 2003). Parsimony-informative (PI) characters were also 
calculated using Mega 6.06. 
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Table 1: Collection locations, dates for collection, number of samples collected and Project affiliations. 
Collection Location Date n  Project 
Casey Station 2009 34 AAS 2948, AAS 4180, AAS 3051 (Australian Antarctic Division) 
 2013/14 111 AAS 2948, AAS 4180 (Australian Antarctic Division) 
Davis Station 2010 21 AAS 2948, AAS 4180, AAS 3051 (Australian Antarctic Division) 
Dumont d'Urville 
Station 
2012/13 13 Revolta (Institut Paul-Emile Victor, program 1124 directed by Guillaume 
Lecointre) 
 2013/14 8 Revolta (Institut Paul-Emile Victor, program 1124 directed by Marc 
Eléaume and Cyril Gallut) 
Rothera Station 2013/14 25 Biodiversity, Evolution, and Adaptations Team (British Antarctic Survey) 
Macquarie Island  2011/12 27 AAS 2948, AAS 4180 (Australian Antarctic Division) 
 March 2013 89 AAS 2948, AAS 4180, AAS 4100 (Australian Antarctic Division) 
 2013/14 63 AAS 2948, AAS 4180 (Australian Antarctic Division) 
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Figure 1: Map of Southern Ocean collection sites with identified species (identified 
both morphologically and genetically) of sea anemones collected at each location. 
 
 
68 
 
 
 
Table 2: Primers used for PCR and DNA sequencing of Southern Ocean sea anemones analysis including references, primer 
sequences, and PCR protocols. * PCR protocols that have been amended 
Taget Primer Name Reference Sequence 
COI* LCOant 
COIantr 
(Sinniger et al. 2010) 
(Sinniger et al. 2010) 
F:TTTTCYACTAATCATAAAGATAT 
R:GCCCACACAATAAAGCCCAATAYYCCAAT 
(94˚C for 2min), x40 [(94 ˚C for 20sec), (52 ˚C for 
1min), (72 ˚C for 2min)], (72 ˚C for 5min) 
16S* Anem16SA 
Anem16SB 
Geller and Walton (2001) 
Geller and Walton (2001) 
F:CACTGACCGTGATAATGTAGCGT 
R:CCCCATGGTAGCTTTTATTCG 
(95 ˚C for 2min), x30[(95 for 30sec), (60 ˚C for 
30sec), (72 ˚C for 1min)], (72 ˚C for 5min) 
Complete
ITS 
seaanem18S 
seaanem28S 
Worthington Wilmer and Mitchell (2008) 
Worthington Wilmer and Mitchell (2008) 
F:TTAGTGAGGACTCCTGATTGGC 
R:AGTCTCGCCTGATCTGAGG 
(94 ˚C for 2min), x35[(94 ˚C for 20sec), (58 ˚C for 
20sec), (65 ˚C for 45sec)], (65 for 5min) 
ITS2* ITS3 
Seaanem28S 
White et al. (1990) 
Worthington Wilmer and Mitchell (2008) 
F:GCATCGATGAAGAACGCAGC 
R:AGTCTCGCCTGATCTGAGG 
(94 ˚C for 2min), x35[(94 ˚C for 20sec), (60 ˚C for 
20sec), (65 ˚C for 20sec)], (65 ˚C for 5min) 
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4.3 Results 
4.3.1 Mitochondrial regions 
A total of 83 COI sequences and 156 16S sequences were aqcuired from nine 
morphologically identfied species from the continental shelf and Macquarie Island. A 
consensus sequence for each species was successfully aligned with our outgroup species 
Metridium senile. COI and 16S combined showed 11.9% parsimony informative sites 
(Table 3). Blast results for COI and 16S sequences from individual species resulted in 
100% matches with multiple species from different regions of the world (number of 
sequenced individuals for each region can be found in Tables 4-6), and did not help in 
further identification of Macquarie Island species. BLAST results of the continental 
shelf species’ sequences, using COI and 16S regions, did result in a match with field 
identifications, but also matched 100% with other species. We were able to distinguish 
between Hormosoma scotti and Stomphia selaginella through BLAST using these 
regions. Urticinopsis antarctica and Isotealia antarctica sequences matched with 100% 
BLAST results for Urticinopsis antarctica for the COI region.  
The COI and 16S combined consensus tree distinguished between most morphological 
species from Macquarie Island and the continental shelf (Figure 2). However, there was 
no link between genetic groups based on mtDNA and families or higher-level lineages 
(Superfamilies). Only three branches of the tree had posterior probabilities higher than 
0.80. The main branch of the tree was found on 100% of the trees and split the 
continental shelf species from the sub-Antarctic Macquarie Island species, irrespective 
of family, except for the Gyrostoma species. The Hormosoma scotti and Gyrostoma sp. 
relationship was also found on 100% of the trees. Based on mtDNA there was no 
genetic difference between the morphologically distinct Isotealia antarctica and 
Urticinopsis antarctica with both species grouped together on the same branch. Both 
species were also more closely related with continental shelf species from different 
families than to Macquarie Island species within the same family. 
The K2P distances based on the COI and 16S combined sequences (average 0.14) were 
similar to the average (0.12) 16S broad distances found among sea anemones by Daly et 
al. (2010) (Table 4). Based on concatenated 16S and COI mtDNA, there was no genetic 
difference between I. antarctica and U. antarctica (Table 4). Intraspecific K2P 
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distances for 16S were 0.00-0.06 and COI ranged from 0.00-0.02 with most of the 
Macquarie Island species having some intraspecific variability, and only one of the 
continental shelf species having intraspecific variation with the others showing no 
variation (Table 4). 
4.3.2 Nuclear regions 
A total of 378 ITS2 and 169 complete ITS sequences were acquired from nine different 
morphologically identified species and two unknown species from the continental shelf 
and Macquarie Island (Table 3). A consensus sequence for each species was 
successfully aligned with our outgroup species Metridium senile. Marker length ranged 
from 153-172 (ITS2) and 668-750 (complete ITS) base pairs (Table 3). The ITS2 region 
showed the most variability with 44.8% of its sites being parsimony informative sites, 
and 16.5% being informative for complete ITS (Table 3). Complete ITS and ITS2 
sequences distinguished five different Macquarie Island species (Figures 3, 4). The 
BLAST results of the complete ITS region from the five species did not match 100% 
with any described species, and initial morphological groupings agreed with the genetic 
results, but could not identify any of the genetic groups to a species level and one 
genetic group could not be identified at the genus level (Actiniidae sp.). The ITS2 
region BLAST results for continental shelf species also did not match with any of the 
field identification presented for these individuals. 
The ITS2 consensus tree was able to distinguish among all species from Macquarie 
Island and the continental shelf (Figure 3). As observed in the mtDNA data, there was 
also no genetic clustering linked to families or major lineages based on ITS2. However 
the ITS2 region showed the same clustering among continental shelf species and 
Macquarie Island species into location groups that was evident in mtDNA. Four 
branches in the ITS2 tree had high posterior probabilities and one in particular was the 
branch between I. antarctica and U. antarctica (Figure 3). Thus, unlike the mtDNA, 
ITS2 showed genetic differences between these two closely related species. The 
Isoparactis sp. samples split into two separate branches based on the ITS2 and complete 
ITS sequences: Isoparactis sp. and Macquarie Island sp. unknown. They are both still 
found closely related on the tree, but separate out in 100% of the trees.  
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The complete ITS region on the Macquarie Island species showed very high posterior 
probability values on branches splitting each of the five morphological species, 
indicating clear genetic differences among them (Figure 4). The close relationship 
between Cnidanthus sp. and Gyrostoma sp. was evident both on the ITS2 and the 
complete ITS region despite the fact that the two taxa are considered to belong to 
different major taxonomic lineages. The close relationship between the unidentified 
Macquarie Island species and the Isoparactis sp. was supported on 100% of the trees, 
but their position in relation to the outgroup species changes when examining the 
complete ITS region, compared with just the ITS2. The remaining Macquarie Island 
species maintained the same positions in relation to each other when the continental 
shelf species were removed for the complete ITS region.  
Distances for ITS2 and complete ITS region showed greater genetic differences among 
species than the mtDNA K2P distances (Table 5 and 6). The ITS2 region K2P distances 
showed very low genetic divergence (0.06) between I. antarctica and U. antarctica 
(Table 4). There were seven variable sites between the two species and none were 
parsimony informative. The ITS2 region showed the most variability in the K2P 
distances among species with an average distance of 0.96 (Table 5). The full ITS also 
showed high variability with K2P with an average distance of 0.43 (Table 6). The ITS2 
region showed the most intraspecific variation with K2P distances ranging from 0.00-
0.61, with most species showing some within species variability (Table 5). The 
complete ITS region showed similar intraspecific variation as the mtDNA regions 
(Table 6). Isoparactis sp. and the Macquarie island unknown species did not show a 
high level of variation based on mtDNA (COI=0.00; 16S=0.01), but did in their nuclear 
DNA (ITS2=1.72; complete ITS=0.34).  
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Table 3: Interspecific results of parsimony analysis for each gene region conducted in Mega 6.06 
(Tamura et al. 2013). Models used for Mr.Bayes analysis derived from JModelTest 2.1.7 (Guindon and 
Gascuel 2003). 
Marker 
n 
(indiv) 
Length of PCR 
Products (Base 
Pairs) 
Number of Parsimony- 
informative characters 
(% informative) 
n 
(Taxa) Model (AICc) 
COI and 16S 84 
157 
980-1032 
734-766 (COI) 
345-397 (16S) 
123(11.9) 10 HKY+G (COI) 
HKY+I+G (16S) 
ITS2 379 153-172 
 
77(44.8) 12 K80 +G 
Complete ITS 170 668-750 124(16.5) 6 GTR+I 
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Figure 2: COI and 16S combined consensus tree with posterior probabilities of sea anemone species collected from the Antarctic 
Continental shelf and Macquarie Island using Mr.Bayes. Metridium senile was used to root the tree.
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Figure 3: ITS2 concensus tree with posterior probabilities of sea anemone species collected from the Antarctic Continental shelf and 
Macquarie Island using Mr.Bayes. Metridium senile was used to root the tree.
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Figure 4: Complete ITS region consensus tree with posterior probabilities of sea anemone species collected from Macquarie Island using 
Mr.Bayes. Metridium senile was used to root the tree. Bayes.
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Table 4: COI and 16S combined estimates of evolutionary divergence between sea anemone species from the Southern Ocean and compared 
to Metridium senile. Within-species divergence on the diagonal (COI/16S, bold). The numbers of base substitutions per site from between 
sequences are shown. Analyses were conducted using the Kimura 2-parameter model (Kimura 1980). The rate variation among sites was 
modelled with a gamma distribution (shape parameter = 1). Codon positions included were 1st+2nd+3rd+Noncoding. All ambiguous positions 
were removed for each sequence pair. There were a total of 1032 positions in the final dataset. Evolutionary analyses were conducted in 
MEGA6 (Tamura et al. 2013) 
 
n(84/157) Act sp. Gyro sp. Cnid sp. H.scotti I. ant U. ant Iso sp. H. lacun S. selag M. sen 
Actiniidae sp. 30/34 0.0/0.01 
        
 Gyrostoma sp. 18/30 0.22 0.02/0.0 
        Cnidanthus sp. 14/26 0.01 0.23 0.0/0.0 
       Hormosoma scotti 5/8 0.23 0.22 0.23 0.01/0.0 
      Isotealia antarctica 6/16 0.02 0.22 0.03 0.21 0.0/0.0 
     Urticinopsis antarctica 6/30 0.02 0.22 0.03 0.21 0.00 0.0/0.0 
    Isoparactis sp. 1/8 0.04 0.24 0.02 0.24 0.04 0.04 n/a/0.06 
   Hormathia lacunifera 1/1 0.03 0.23 0.04 0.21 0.02 0.02 0.03 n/a 
  Stomphia selaginella 2/3 0.03 0.17 0.03 0.22 0.01 0.01 0.04 0.02 0.0/0.0 
 Metridium senile 1/1 0.28 0.35 0.29 0.35 0.28 0.28 0.28 0.25 0.24  n/a 
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Table 5: ITS2 region estimates of evolutionary divergence between sea anemone species from the Southern Ocean and compared to 
Metridium senile. Within species divergence on the diagonal (bold). The numbers of base substitutions per site from between 
sequences are shown. Analyses were conducted using the Kimura 2-parameter model (Kimura 1980). The rate variation among sites 
was modelled with a gamma distribution (shape parameter = 1). Codon positions included were 1st+2nd+3rd+Noncoding. All 
ambiguous positions were removed for each sequence pair. There were a total of 380 positions in the final dataset. Evolutionary 
analyses were conducted in MEGA6 (Tamura et al. 2013). 
 
n(379) 
I. 
ant 
Act 
sp. 
H. 
scotti 
S. 
selag 
Cnid 
sp. 
H. 
lacun 
Gyro 
sp. 
Iso 
sp. 
Mac. 
Is. 
U. 
ant 
Roth 
M. 
senile 
Isotealia antarctica 30 0.00            
Actiniidae sp. 161 0.60 0.18           
Hormosoma scotti 3 0.82 1.04 0.61          
Stomphia selaginella 2 0.60 0.68 0.72 0.28         
Cnidanthus sp. 89 0.56 1.20 0.93 0.67 0.07        
Hormathia lacunifera 30 0.78 0.93 1.52 1.11 0.75 n/a       
Gyrostoma sp. 45 0.68 0.69 0.91 0.71 1.12 1.34 0.01      
Isoparactis sp. 6 0.95 1.20 1.42 0.89 0.97 1.33 1.24 0.01     
Macquarie Island unk 8 1.03 2.45 1.85 0.97 2.42 2.42 2.62 1.72 0.00    
Urticinopsis antarctica 3 0.06 0.58 0.63 0.53 0.49 0.70 0.48 0.74 0.92 0.00   
Rothera unk sp 1 0.99 1.00 0.89 0.28 0.81 1.03 1.15 1.38 0.90 0.89 0.44  
Metridium senile 1 1.10 0.65 0.67 0.42 0.58 0.62 0.79 0.74 0.33 0.84 0.50 n/a 
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Table 6: Complete ITS region estimates of evolutionary divergence between sea anemone species 
from the Southern Ocean and compared to Metridium senile. Within species divergence ranges on the 
diagonal (bold). The numbers of base substitutions per site from between sequences are shown. 
Analyses were conducted using the Kimura 2-parameter model (Kimura 1980). The analysis involved 
6 nucleotide sequences. Codon positions included were 1st+2nd+3rd+Noncoding. All ambiguous 
positions were removed for each sequence pair. There were a total of 750 positions in the final 
dataset. Evolutionary analyses were conducted in MEGA6 (Tamura et al. 2013). 
 
n(170) Act sp. Gyro sp. Cnid sp. Unk Iso sp. M. senile 
Actiniidae sp. 86 0.0           
Gyrostoma sp. 45 0.36  0.01 
    Cnidanthus sp. 30 0.33 0.35 0.02 
  
  
Macquarie Island unk sp. 2 0.45 0.59 0.54 0.00 
  Isoparactis sp. 6 0.41 0.54 0.52 0.34 0.00 
 Metridium senile 1 0.39 0.59 0.54 0.26 0.29 n/a  
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4.4 Discussion  
A total of 534 sequences from the COI, 16S, and ITS2 and complete ITS regions were 
successfully amplified for sea anemones collected from the Southern Ocean. Overall, 
there was high congruence between genetic and morphological groupings, suggesting 
meaningful species boundaries and validating the utility of field identifications for many 
Southern Ocean species. The two exceptions were the absence of genetic differences 
between of I. antarctica and U. antarctica based both on COI and 16S, and Isoparactis 
sp. and an unidentified species from Macquarie Island. However, even for those species 
that showed very low levels of mtDNA differentiation, additional data from nuclear 
regions (complete ITS and/or ITS2) was valuable for resolving interspecific differences 
(Acuna et al. 2007).  
The main focus of this study was to determine potential genetic regions for 
distinguishing among sea anemone species; the genetic groupings from the four DNA 
regions sequenced agreed with the taxonomy that they are different species. However, 
there appears to be little relationship between genetics and higher taxonomic resolution 
(family and higher) based on any of the individual gene regions sequenced in this study. 
A misidentification and/or lack of taxonomic information on sub-Antarctic sea 
anemones may prove to be the reason for the poor relationships between genetics and 
morphology found at the family level in this study. However, the same discrepancies 
were apparent in the COI and ITS2 trees published in Dohna and Kochzius (2016) 
suggesting this pattern is widespread among sea anemone taxa and is not confined to the 
Southern Ocean groups studied here. This was also confirmed in a larger phylogenetic 
tree which included several species from different regions around the world (accessed 
from Genbank) as part of our initial study, but not included in this chapter. The slow 
divergence and single copy DNA of the COI and 16S regions suggests they should be 
suitable for understanding relationships among superfamilies (Shearer et al. 2002), but 
we did not find this was the case. Combining mDNA and nDNA for analysis is a 
potential resolution to this issue and other studies have found that using combined 
analysis of multiple regions can resolve relationships among species at the family level 
(Rodriguez and Daly 2010).  
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The complete ITS region showed some potential for distinguishing between families but 
there were not enough representatives from all sea anemone families to resolve this, nor 
were there sufficient sea anemone complete ITS sequences in the Genbank database to 
properly test the utility of complete ITS at higher taxonomic levels. The inability of 
ITS2 to resolve higher taxon relationships is consistent with other anthozoan research 
due to its high variability and polymorphism. The high level of polymorphism in the 
complete ITS and ITS2 is a result of either ancestral DNA or introgression which results 
in its inability to resolve higher taxonomic relationships (Vollmer and Palumbi 2004). 
Despite this, in other studies it has been useful in identifying sea anemone species 
(Dohna and Kochzius 2016).  
A total of 23% of species identified from the continental shelf and 34% of species from 
the sub-Antarctic are endemic to these regions (Rodriguez et al. 2007). More genetic 
work is needed on these species to understand their evolutionary relationships. 
Distinguishing the relationship between Isotealia antarctica and U. antarctica as 
separate species is quite difficult, due to their morphological similarity and sympatric 
distribution. Both species are circumpolar with overlapping depth ranges (U. antarctica: 
6-223m+, I. antarctica: 25-600m). Many of their morphological feature overlap, such as 
tentacle number (U. antarctica: n = 120-800, I. antarctica: n = 168-192), both species 
have well developed pedal discs, blunt and conical shaped tentacles, circumscribed 
sphincters, and both contain the same cnidae (spirocysts, bastitrichs, microbasic b- and 
p-mastigophores (Brueggeman 1998; Grebelnyi 1975; Rodriguez and Lopez-Gonzalez 
2013). Two differences mentioned in their taxonomy are that I. antarctica has two 
divisions in the body column, scapus and scapulus (Carlgren 1949), whereas there is no 
mention of this division in U. antarctica. Also, the mesentries of I. antarctica are both 
proximal and distal, and U. antarctica’s mesentries are typically more proximal than 
distal (Carlgren 1949). Their COI and 16S sequences in this study are identical. 
However, the division of the body column and differences found in the mesentrie 
positions may provide grounds for considering them separate. The ITS2 region showed 
that although closely related, there are some differences between them and separated 
them by their field identification groups. The low variability in ITS2 (0.06) between the 
two species when compared to the overall variability between all of the species 
examined (0.96) in this study suggests that they are not separate species. The low 
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variability found in the ITS2 region for these two species maybe be due to a more recent 
evolutionary split, explaining their close relationships on both trees, and possibly a 
result of cryptic speciation. The variation found in the ITS2 region is consistent with 
variability found in cryptic speciation in amphipods (4.9-11%) (Baird et al. 2011). A 
more comprehensive genetic analysis with more recent next generation sequencing data 
might help resolve this relationship.  
In contrast, the ITS2 and complete ITS region was able to split the Isoparactis sp. into 
two species that was undetectable with the COI and 16S regions. K2P distances 
between these two species were quite high and similar to the distances found between 
other species of this study and higher than the interspecific variation reported for other 
anthozoans in this region (Shearer et al. 2002). Again, this difference between the 
mitochondrial region and the nuclear region may be a result of more recent evolutionary 
splits between these two species. The very high intraspecific variation found in some of 
the species (Hormosoma scotti, Stomphia selaginella, and Rothera unknown sp.) 
suggests the possibility of cryptic speciation within these species and ITS2 may be a 
useful region for determining this.  
The utilization of molecular techniques and morphological identification is essential for 
understanding the diversity of sea anemones. The molecular techniques allow the 
detection and the resolution of species identifications which is otherwise limited 
because of similarity in morphological features that are available to describe. Many of 
the anatomical features require expertise in identifying small differences between 
similar species and it can take months to correctly identify specimens. However, a 
barcoding database with correctly identified species linked to the genetic sequences 
would be a faster identification method. Field identifications were almost impossible in 
the Macquarie Island samples and examination of internal taxonomic features at the 
Victoria museum could not identify specimens beyond family/genus level without 
requesting more information about other samples from other museums and collections.  
The five species from Macquarie Island were for the most part sampled from the same 
tidal pool, showing that there is a high diversity of sea anemone species from Macquarie 
Island. Only two sea anemone species have been recorded previously at Macquarie 
Island (Parantheopsis cruentata and Halianthella kerguelensis) (Kenny and Haysom 
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1962), and only one of these species (H. kerguelensis) has been reported on 
Hexacorillians of the World as being found on the Island (Fautin 2013). Despite this we 
were not able to morphologically match any of our specimens to either of these two 
species while genetically matches were not available due to the lack of registered 
genetic sequences for these two species. Hence this work represents potentially five new 
species records at Macquarie Island. More extensive collection with morphological and 
molecular analysis may reveal more potential species and verify the presence of the 
previously reported species on the island.  
The COI and 16S regions are useful in distinguishing between members of the same 
genus but lack the ability to distinguish between highly related species. The complete 
ITS region showed greater potential to establish relationships between more recently 
evolved species, which was expected based on other studies utilizing the complete ITS 
region for anthozoans (Shearer et al. 2002; Worthington Wilmer and Mitchell 2008). It 
is recommended from this study that a universal ITS (either ITS2 or complete ITS 
region) be explored further as a potential candidate for creating a reliable and quick 
barcoding system for sea anemone species. 
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Aim 3: 
To examine the life history and reproduction of sea anemones from the Antarctic 
continental shelf 
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5 Reproductive maturity in two Antarctic sea anemone 
species, Isotealia antarctica and Urticinopsis antarctica, 
over the Austral spring and summer. 
 
5.1 Introduction 
We know remarkably little about the reproductive ecology of Antarctic anthozoans. The few 
studies on Antarctic anthozoan reproduction have focused mainly on deep-water corals 
(Rodriguez et al. 2013) and have indicated sexually reproduced lecithotrophic larvae that are 
brooded (Stanwell-Smith et al. 1999, Orejas et al. 2002, Waller et al. 2008). This is just one 
strategy observed in a suite of reproductive strategies utilized by many Antarctic marine 
invertebrates: planktonic larvae that feed on plankton; lecithotrophic larvae that are 
independent of larval food; or brooders that retain larvae until fully developed juveniles 
(Pearse et al. 1991). It was originally thought that the majority of Antarctic benthic 
invertebrates were brooders (Pearse et al. 1991, Poulin et al. 2002). This is supported by data 
on echinoderms, polychaetes, and molluscs that show they have a higher proportion of 
brooding species in the Antarctic compared to other benthic regions (Poulin et al. 2002). It is 
also thought that in polar regions where developmental process are slow and food supplies 
are low, large eggs and non-feeding larvae may also predominate (lecitotrophism; (Pearse et 
al. 1991). However, many exceptions to these patterns have been found, including 
planktotrophic larvae (the sea star Odontaster validus and the sea urchin Sterechinus 
neumayeri (McClintock & Baker 1997)) and year round breeding (the nemertean worm 
Parbolasia corrugatus (Rogers et al. 1998)).  
The reproductive modes of sea anemones are highly variable among and within species; 
ranging from sexual reproduction (broadcast spawning or internal brooding and including 
self-fertilization) to asexual reproduction (budding, fission, and laceration) (Bocharova & 
Kozevich 2011). Brooding has been reported in several species of sea anemones, especially 
in the Actiniidae and Actinostolidae families (Rodriguez et al. 2013). For example, Epiactis 
georgiana, a Southern Ocean sea anemone, is a brooding species with a prolonged 
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reproductive cycle lasting around a year. This species was described as mostly gonochoric 
individuals with a few hermaphroditic individuals, but it is unknown if self-fertilization 
occurs in this species (Rodriguez et al. 2013). In other species, the brooded juveniles can 
either be produced sexually or asexually (Sherman et al. 2007, Rodriguez et al. 2013).  
Information on the reproductive cycles of species helps form a greater understanding of 
adaptions to their environment which can inform on distributional patterns and abundance in 
particular environments, provides information of periods of high vulnerability, and helps to 
understand how populations might be maintained and hence managed. This paper is the first 
step in understanding the reproductive strategies of two circumpolar species, Isotealia 
antarctica and Urticinopsis antarctica. Both species have the potential to be a model species 
for future studies due to their wide-spread distribution, accessibility and conspicuous nature 
in the Antarctic benthic environment. In taxonomic identification of U. antarctica and I. 
antarctica, both species have been described as having fertile mesentries with gonad material 
present (Grebelnyi 1975, Rodriguez & Lopez-Gonzalez 2013).  Here, histology was used to 
examine both species with the aim of understanding both their reproductive mode and the 
timing of reproduction during the Austral summer months.  
5.2 Methods 
Sea anemones were collected by divers during the 2013/14 Austral summer from the 
Antarctic Peninsula near Rothera Station by the British Antarctic Survey’s Biodiversity, 
Evolutions, and Adaptations Team (BEAT). Individuals were collected at the start 
(November), middle (January), and end of the summer (March) to coincide with the highly 
productive Austral summer. Whole sea anemone samples were preserved in 5% sea-water-
buffered formaline for histological analysis. Field identification and DNA sequencing were 
used for species identification. Initial field identifications were made through photographs 
pre-preservation using the Underwater Field Guide to Ross Island and McMurdo Sound, 
Antarctica (Brueggeman 1998), followed by DNA sequencing of tissue samples from 
tentacles removed and preserved in 100% enthanol prior to the preservation of the whole 
individual. DNA was extracted using a Qiagen DNeasy Blood and Tissue kit following the 
manufacturer’s Quick-Start Protocol for tissue (incubation time varied between 4hours-
12hours). The nuclear ribosomal ITS2 DNA region was amplified using polymerase chain 
reactions (PCR). The ITS2 region was targeted as it is the most variable region of the ITS in 
anthozoans (Shearer et al. 2002) and can be used to delineate I. antarctica from U. antarctica 
(refer to Chapter 4). Each 12.5µL PCR reaction contained 10ng/µL of DNA, 6.25µL of 
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GreenTaq Master Mix, and 0.25µL of 10mM Primer solutions. The forward primer for the 
PCR was ITS3 (White et al. 1990) and reverse primer was Seaanem28S (Worthington 
Wilmer & Mitchell 2008). PCR products were visualised on 1% agarose gels, then cleaned 
with QIAquick PCR purification kits using the manufacturer’s protocol and the purified DNA 
samples were sent to the Australian Genomic Research Facility for sequencing. The purified 
samples were sequenced in the forward direction only using the primers from the PCR 
reaction.  
For histological preparation, whole sea anemone samples were transferred from formalsaline 
to 80% ethanol. The height of the body column and the pedal disc diameter were measured 
prior to removing body column sections for comparison of sea anemone body size to oocyte 
size to establish links between sea anemone maturity and body size. All samples were 
preserved using the same protocol and shrinkage rate from preservation is thus unlikely to 
bias interpretations based on size. As the samples were large, two body column sections were 
taken from each individual to examine a greater area for gametic tissue and prevent the 
measuring of the same oocytes. The body column sections were embedded with paraffin wax 
and 5µm thick histological sections were taken from each body column section. Histological 
sections were mounted on slides and were immersed in an initial 12 hour picric acid fixation 
bath prior to deparaffination. A Mallory’s trichrome stain protocol was used to differentiate 
between tissue types in the sections after deparaffination for examination (Llwellyn 2005, 
Spano & Flores 2013, Bi et al. 2015).  
Each histological section was examined for gametic tissue. Individuals were sexed based on 
the gametic tissue present: if oocytes were found they were classified as female; if 
spermatocysts were present they were classified as males; and if both were present they were 
classified as hermaphroditic. Classification of oocyte maturity was according to Rodriguez et 
al. (2013) for E. georgiana. Oocyte maturity was categorized by oocyte size: previtellogenic 
(<300µm), early vitellogenic (300-600µm), and late vitellogenic (600-1000µm) (Rodriguez et 
al. 2013). In female samples, the diameter of 50 oocytes were measured for each individual 
(only oocytes sectioned through the nucleus were used; and when the oocyte shape was 
irregular, the major axis was measured). A one-way ANOVA was used to test for differences 
between oocyte size among the three sampling months using the mean oocyte size per month. 
The mean size of the largest 10 and mean size of the smallest 10 measurements per individual 
were also used to determine if there were trends between the maximum and minimum oocyte 
sizes per month. Linear regressions were used to examine the relationship between mean 
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oocyte diameter and body column length as well as between mean oocyte diameter and pedal 
disc diameter to examine the relationship to body size and egg size. Male anemones were 
examined for sperm development and maturation stage (Wedi & Dunn 1983, Scott & 
Harrison 2009). Male maturation stages were classified into 5 stages; (1) early cluster of cells 
forming, but still not distinct from the mesenteries, (2) spermaries distinct from mesenteries 
and surrounded by mesoglea, (3) increase in cells and cells starting to form into tailed 
spermatids, (4) spermaries made up of mature spermatozoa arranged in a bouquet-like 
fashion, and finally (5) ruptured spermaries with only a few unspawned spermatozoa 
remaining  (Scott & Harrison 2009). 
5.3 Results 
Fourteen individual sea anemones were collected near Rothera station during the Austral 
spring and summer (November (n=4), January (n=5), and March (n=5). Twelve individuals 
were identified as I. antarctica (Table 1), and two of the individuals were identified as U. 
antarctica based on field identifications and DNA sequences (see chapter 4). The U. 
antarctica samples were both collected in March and one individual contained well 
developed oocytes (0.021-0.369mm) and no sperm (Figure 1A). The other U. antarctica 
individual contained stage 4 spermaries (Figure 1B) (Scott & Harrison 2009) with no oocytes. 
No further analyses were conducted on these individuals. 
Female and male individuals were found in I. antarctica for every month of collection 
(Figures 2 and 3). The females all had well developed oocytes (Figure 2) and the males all 
had stage 4 spermaries present (Figure 3). Based upon visual inspection there were no 
differences in gamete maturity among months for either female or male individuals. The 
mean diameter of the larger oocytes (top 20 percent) and the mean of the smaller oocytes 
(smallest 20 percent) from each month were compared (Figure 4). There were no significant 
size differences between months for the overall oocyte size (F(2, 5) = 9.55, p-value = 0.29) and 
amongst the larger (F(2,5) = 9.55, p-value = 0.15; Figure 4) and smaller oocytes (F(2,5) = 9.55, 
p-value = 0.20; Figure 4). The total percentage of individual oocyte diameters for each month 
demonstrates that November has a higher number of previtellogenic oocytes, with January 
and March having a higher number of advanced oocytes (Figure 5). There was no 
relationship between oocyte diameter and pedal disc size (R
2
 = 0.04. p-value = 0.72) or body 
wall length (R
2
 = 0.03, p-value = 0.75) though sample size reduced power to detect small 
effect sizes (Figure 6).  
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Table 1: Isotealia antarctica collection date, gender 
classification and, oocyte size range for Antarctic sea anemone 
species from the Southern Ocean near Rothera station. 
Date Sex Oocyte Size Range(mm) 
6/11/2013 F 0.09-0.509 
6/11/2013 M NA 
6/11/2013 M NA 
6/11/2013 M NA 
11/01/2014 F 0.088-0.742 
11/01/2014 F 0.034-0.714 
11/01/2014 F 0.122-0.754 
11/01/2014 M NA 
11/01/2014 M NA 
15/03/2014 F 0.079-0.678 
15/03/2014 F 0.085-0.752 
15/03/2014 M NA 
  
 
 
 
Figure 1: A) Histological sections of a female U. antarctica with well-developed Oocytes 
with nuclei (C).  B) Histological section of a Male U. antarctica with stage 4 spermaries with 
spermatozoa arranged in bouquet-like fashion with sperm tails (D) (Scott & Harrison 2009). 
 
 
 
  B 
C 
D 
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Figure 2: Oocytes from female individuals of I. antarctica collected in the Southern Ocean 
near Rothera station. November (A and B), January (C and D), March (E and F). a) 
previtellogenic oocytes, b) early vitellogenic oocyte, and c) late vitellogenic oocytes. 
 
 
 
 
c 
b 
a 
93 
 
 
 
Figure 3: Stage 4 spermaries from male individuals of I. antarctica collected in the Southern 
Ocean near Rothera station. November (A and B), January (C and D), March (E and F) 
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Figure 4: Average oocyte diameter (mm) for the largest (blue) and smallest (red) oocytes 
for each month from I. antarctica (n=10 oocyte per month) with standard error. 
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from A) previtellogenic oocytes B) early vitellogenic oocytes C) late 
vitellogenic oocytes  
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diameter (mm) and body wall lengths (mm) for Isotealia antarctica. 
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5.4 Discussion 
 
This study found evidence of sexual reproduction with advanced mature gametes, large yolky 
oocytes and stage 4 spermaries throughout the Austral summer in two Antarctic continental 
shelf species, Isotealia antarctica and Urticinopsis antarctica. From the twelve samples of I. 
antarctica collected in the Antarctic peninsula region, gonochoric individuals were found 
with no evidence of hermaphrodism. All samples contained well-developed gametes 
throughout the austral summer. Two U. antarctica individuals were also collected with one 
female and one male both with well-developed gametes. None of the samples from either 
species examined showed any evidence of brooded larvae.  
Sea anemone reproduction is variable among species with both asexual and sexual 
reproduction present (Fautin 2002). This variation can also occur within species (Sherman et 
al. 2007). Little is known about the reproductive strategies of sea anemones from the 
Antarctic continental shelf. Only one study has focused on sea anemone reproduction from 
this region and found that the sea anemone Epiactis georgiana matches the reproduction 
strategy of other benthic polar species with specialized brooding (Rodriguez et al. 2013).  Our 
study did not detect brooded larvae.  The presence of gonochorism, large yolky oocytes and 
no brooded larvae suggests that these species are sexually reproducing, broadcast spawners 
with large lecithotrophic eggs. Large yolky eggs are typically associated with lecithotrophism 
(Pearse et al. 1991) which is common in some anthozoans (The sea anemone Urticina eques 
(Solecava et al. 1994), and the octocoral Anthomastus ritteri (Cordes et al. 2001)). 
There was no indication of seasonal spawning coinciding with the Austral summer in I. 
antarctica (or in the small sample of U. antarctica); no evidence of ruptured spermaries or 
ruptured mesenteries from oocyte spawning, as seen in another Actiniidae species, 
Anthopleura elegantisma (Jennison 1979), and there were a range of oocyte stages detected in 
histological sections. Two potential explanations for the presence of different size oocytes is 
long maturation periods or aseasonal spawning (Orejas et al. 2007). Another potential 
explanation is that spawning occurs during the autumn or winter. The presence of stage 4 
spermaries and late vitellogenic oocytes in March supports this idea. The lack of other sperm 
stages within male individuals suggests that this is also likely in I. antarctica. Spawning 
events during the winter months also may allow larvae to reach juvenile stages in time to 
coincide with the productive spring and summer months (Pearse et al. 1991).  
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Lecithotrophism may have effects on predation. Producing fewer larger eggs decreases 
fecundity and many lecithotropic larvae have developed defensive traits against predation 
(McClintock & Baker 1997, Iyengar & Harvell 2001, Mercier et al. 2013). Large 
lecithotrophic larvae in some sea anemones and other benthic species have physical, chemical, 
or behavioural defences that increase survival (Mercier et al. 2013). More research on the 
larval stages of both I. antarctica and U. antarctica may reveal such defences. 
The results examining the reproductive stages during the Austral spring and summer provides 
intial information on the reproductive mode and strategies for I. antarctica and U. antarctica. 
The field restraints of working thoughout the year in Antarctica hindered sample collection 
for this study. However, collections spanning a full 12 months with more frequent sampling 
and from more individuals would more clearly elaborate on the reproductive stategies of both 
species. As a minimum, further sampling in the months immediately following March may 
help pinpoint the timing of sperm release and confirm whether reproduction is seasonal or 
aseasonal. This information paired with population genetics through the use of SNPs 
(Chapter 6) would allow a more thorough approach to understanding the reproductive modes 
of Antarctic sea anemones.   
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Aim 4: 
To conduct a fine-scale and large-scale population genomic comparison of sea anemones 
from the Antarctic Continental shelf 
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6 Genetic structure of the sea anemone Urticinopsis 
antarctica at Casey Station and the relationship among 
Antarctic coastal populations 
 
6.1 Introduction 
The isolation of the Antarctic benthic ecosystem has allowed a series of unique species’ 
adaptations for survival in this extreme environment. Some of the characteristics include slow 
growth, increased levels of specialized reproductive modes (brooding), and winter dormancy 
(Pearse et al. 1991). There is also an unexpected high occurrence of species diversity in the 
Southern Ocean (Strugnell et al. 2008). Many Antarctic continental shelf species are thought 
to have a circumpolar distribution potentially facilitated by pelagic larvae dispersal. Certainly 
the Antarctic circumpolar current (ACC) creates an avenue for gene flow around Antarctica 
(Arntz and Gallardo 1994). However, recent genetic information shows the population 
structure of many continental shelf species is complicated, with many comprised of distinct 
lineages and cryptic speciation that have restricted ranges, which is contrary to expectations 
of widespread dispersal and circumpolar gene flow (Arango et al. 2011; Baird et al. 2011; 
Baird et al. 2012; Janosik et al. 2011; Strugnell et al. 2012; Wilson et al. 2007). Many factors 
can prevent gene flow around the continental shelf; life history (Baird et al. 2012; Demarchi 
et al. 2010; Wilson et al. 2007), historic glacial events (Strugnell et al. 2012; Thatje et al. 
2005; Wilson et al. 2007) environmental factors (depth and temperature) (Arango et al. 2011), 
and coastal hydrographic features (Guidetti et al. 2006). Furthermore, the prevalence of 
brooding life histories in Antarctic invertebrates (Pearse et al. 1991) is more suggestive of 
localised recruitment than widespread dispersal. Clearly there remain many paradigms to be 
explored in Antarctic marine ecology.  
The population structure of Southern Ocean sea anemones, like many other aspects of their 
ecology and life history, remain undescribed. The sea anemone Urticinopsis antarctica is a 
circumpolar species that is common in the Antarctic nearshore environment, but has depth 
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ranges extending to 223+ metres (Brueggeman 1998). Its life history traits are suggestive of 
large-scale and fine-scale population structure. Urticinopsis antarctica is gonochoric, with 
large yolky oocytes suggesting lecithotrophism (see chapter 5). There is no evidence of 
internal or external brooding. Histological evidence suggests a late austral summer to early 
autumn spawning of gametes (see Chapter 5). The dispersal capabilities of other sea 
anemones play a key role in their population structure (Sherman et al. 2007; Veale and 
Lavery 2012). 
Although the Antarctic region is considered a pristine environment, human activities are 
concentrated in areas surrounding the Antarctic research stations, which can be utilized to 
determine the effects of anthropogenic impacts, such as sewage outfalls, wharf operations, oil 
spills, run-off from abandon waste dumps, and heavy metal contamination. One question 
concerning Antarctic nearshore communities is how environmental stress associated with 
anthropogenic activities affects population structure. The Australian Antarctic research base, 
Casey Station, has been the focus of research into the effects of anthropogenic impacts (Baird 
et al. 2012; Baird and Stark 2013; Baird and Stark 2014; Cunningham et al. 2003; Stark 2000; 
Stark et al. 2014; Stark and Riddle 2003; Stark et al. 2003b). For example, a study on the 
amphipod, Orchomenella franklini, found an effect of local anthropogenic pollution on the 
genetic diversity within this region (Baird et al. 2012). There was a decrease in the number of 
private alleles at contaminated sites, which may be caused by population bottlenecks, 
selection against sensitive genotypes, or depressed mutation rates (Bickham et al. 2000). 
While the genotypic responses to anthropogenic pollutants are unknown, several phenotypic 
responses of sea anemones to pollutants have been described. Heavy metal pollution caused 
an inhibition of asexual reproduction in Aiptasia pulchella (Howe et al. 2014). Other 
phenotypic responses include premature spawning of larvae, a decrease in juvenile survival 
rates, tentacle retraction, endosymbiont loss, and in extreme cases death (Elran et al. 2014; 
Mitchelmore et al. 2003; Ormond and Caldwell 1982). With advancements in genetic 
techniques, researchers can begin to make connections with phenotypic responses at the 
molecular level.  
Examining benthic faunal population structure at the genetic level can tell us about a species’ 
intraspecific relationships, life histories, large-scale and fine-scale dispersal, a species’ 
evolutionary history and how environmental stressors affect these characteristics (Thatje 
2012; Willette et al. 2014). Advanced genetic techniques, such as Single Nucleotide 
Polymorphisms (SNPs), allow fine-scale resolution of population genetic structure (Gotelli 
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and Stanton-Geddes 2015). Genotype-by-sequencing (GBS) is a next generation sequencing 
technique that uses SNPs and is emerging as a cost efficient tool for analysing population 
structure in marine ecosystems (Willette et al. 2014). The use of this technology is new to 
Southern Ocean studies, but has potential to help understand circumpolar and fine-scale 
population structure. 
The aim of this study is to use GBS on the Antarctic continental shelf species U. antarctica. 
The nearshore region around Casey Station was chosen for a fine-scale population structure 
analysis of U. antarctica. Sampling from Casey Station was directly around the station as 
well as away from the station to determine the effects of localized anthropogenic pollution on 
populations near the station. In the Casey Station region it is predicted that the population 
structure between the sites would be panmictic due to their close proximity to each other. A 
loss in genetic diversity at polluted sites similar to the amphipod species from this region 
(Baird et al. 2012) is also predicted. To assess the circumpolar population structure of U. 
antarctica, samples were collected from four Antarctic regions, one West Antarctic region 
and three East Antarctic regions. The circumpolar distribution would suggest that there 
should be gene flow among the regions, but with a strong trend toward isolation by distance 
due to U. antarctica’s lecithotrophism and the autumn/winter reproductive timing may cause 
restriction of gene flow due to sea ice. 
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Table 1: Collection locations, dates for collection, number of samples collected and Project affiliations. 
Collection Location Date n  Project 
Casey Station 2009 24 AAS 2948, AAS 4180, AAS 3051 (Australian Antarctic Division) 
Brown Bay Middle 
 
6 
 
Honkala 
 
10 
 
Nicholson Island 
 
4 
 
Sparkes 2 
 
4 
 
Casey Station 2013/14 107 AAS 2948, AAS 4180 (Australian Antarctic Division) 
Brown Bay Inner 
 
40 
 
Shannon 
 
40 
 
Peterson Channel 
 
27 
 
Davis Station 2010 5 AAS 2948, AAS 4180, AAS 3051 (Australian Antarctic Division) 
Dumont d'Urville 
Station 
2013/14 8 
Revolta (Institut Paul-Emile Victor, program 1124 directed by Marc Eléaume and Cyril 
Gallut) 
Rothera Station 2013/14 3 Biodiversity, Evolution, and Adaptations Team (British Antarctic Survey) 
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Figure 1: Map of Casey Station sampling locations and Circumpolar sampling locations 
(Rothera Station, Davis Station, Casey Station, and Dumont d’Urville Station (DDU).   
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6.2 Methods 
6.2.1 Sample collection 
A total of 147 Urticinopsis antarcitca samples were collected from the shallow (<30m) 
coastal areas from four Southern Ocean regions; Casey Station, Davis Station, Dumont 
d’Urville Station and Rothera Station (Table 1, Figure 1). At Casey Station, samples were 
collected at impacted and non-impacted sites. Four impacted sites represented three types of 
anthopogenic disturbances. The station’s sewage outfall pipe is located within Shannon Bay. 
Nicholson Island is located in the high traffic region of the station’s wharf. The other two 
impacted sites are within Brown Bay, which is adjacent to the former waste disposal site 
(‘Old Casey’ waste dump (Stark et al. 2003a)). Two sites were selected within Brown Bay at 
increasing distance from the shoreline disposal site: Brown Bay Inner (BBI: 50 -100 m from 
shore) and Brown Bay Middle (BBM: 150 – 250 m from shore). High levels (100x that of the 
non-impacted sites (Stark 2000)) of heavy metal contamination has been detected in Brown 
Bay. The impacted sites were compared with three control sites, which are undisturbed by 
human activity (Figure 1). Honkala Island is north of the station, and Sparkes Bay and 
Peterson Channel are both south of the station. Peterson Channel is the furthest from the 
station. Davis Station samples were collected a few kilometers to the north of the station and 
are considered non-impacted. At Rothera Station the samples were collected between two and 
three kilometers from the sewage outfall of the station and are considered non-impacted. The 
Dumont d’Urville Station samples samples were collected within the wharf area, which also 
contains the main discharge of the sewage outfall. High levels of human enteric bacteria are 
found near the outfall (Delille and Delille 2000). 
Specimens were collected using a range of techniques including SCUBA diving and 
snorkelling. All samples were preserved in 100% ethanol. Samples were initially identified 
morphologically based on external features (e.g. live colour, tentacle number) according to 
Brueggeman (1998). Further genetic analysis based on DNA sequences (Chapter 4) and the 
SNP data from each individual was compared to other Antarctic continental shelf species 
through a neighbour-joining tree in Tassel 5.2.27 to confirm species identification of all 
samples. 
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6.2.2 DNA extraction, SNP discovery, genotyping, and quality control 
Tissue samples were removed from the tentacles or body column of the sea anemone 
specimens and DNA was extracted using a Qiagen DNeasy Blood and Tissue kit following 
the manufacturer’s Quick-Start Protocol for tissue (incubation time varied between 4 hours-
12 hours). Extracted DNA was sent to the Cornell University Biotechnology Resource Center 
(BRC) for Genotype by Sequencing. SNP discovery and genotyping was conducted through 
BRC’s UNEAK Pipeline. Initial filtering and removal of minor alleles was conducted 
through Tassel 5.2.27. Sets of 500 SNP sites (13 sets) were then passed through Linkage 
Disequilibrium (LD) analysis conducted with Genepop 4.4. These were run in batches due to 
the limitations of processing the full data set simultaneously with this software. False 
Discovery Rates (Benjamini and Yekutieli 2001) were used to determine significant LD and 
one linked site was removed from further analysis to prevent bias caused by LD. The 
remaining SNPs were combined and a second filtering step of SNPs was done through 
PLINK 1.07, removing SNPs with more than 10% of missing data and minor allele 
frequencies of 1% across all populations. 
6.2.3 Clonality and genetic diversity of populations 
Genetic distances in GenAlex 6.5b3 were used to detect potential clones to help determine 
reproductive mode. This approach was similar to the process reported in Reitzel et al. (2013). 
Nine percent of individuals were genotyped twice and genetic distances were calculated 
between the two genotypes for determining intra-individual variability. The intra-individual 
variability was then used as the cut-off for determining potential clones. Genetic diversity and 
departures from Hardy-Weinberg equilibrium were measured using observed heterozygosity 
(Ho), unbiased expected heterozygosity (He), and Weir and Cockerham’s Fis estimates and 
exact tests were calculated using Genepop 4.4 (using default Markov chain parameters). 
6.2.4 Population differentiation and structure 
Pairwise Fst estimates were used to estimate genetic differentiation among sites. Analysis of 
molecular variance (AMOVA) was tested in GenAlex 6.5b3 to estimate the Pairwise Fst 
values using 9999 permutations to assess significance. Principle Coordinates Analysis (PCoA) 
of the individual linear genetic distance in GenAlex 6.5b3 was used to examine population 
structure. A Bayesian population structure analysis was conducted through fastStructure 1.0 
to determine the most likely number of populations and the proportion of each individual’s 
ancestry that was derived from each population. The data set was run in fastStructure 1.0 with 
K = 1-10, and the optimal K was found using the ‘chooseK’ script bundled with fastStructure 
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1.0. A one-way ANOVA test was used to assess differences in observed heterozygosity 
between impacted and non-impacted populations. Finally, Isolation by Distance (IBD) 
calculation was conducted through a Mantel Test in GenAlex 6.5b3 using linearized Fst and 
the logarithm of the geographical distance.  
BayeScan 2.01 was utilized for outlier analysis, which detects SNPs putatively under natural 
selection (Foll and Gaggiotti 2008). The analysis was carried out using default parameters: 20 
pilot runs of 5000 iterations and an additional 50,000 burn-in iterations, followed by 5000 
iterations with a thinning interval of 10. Population differentiation patterns were compared 
amongst the entire dataset, the outlier SNPs, and with the outlier SNPs removed using Fst and 
PCoA analysis.  
6.3 Results 
6.3.1 Clonality and genetic diversity of populations 
A total of 12332 SNP loci were returned and genotyped. After filtering out minor alleles, 
SNPs with more than 10% missing data and removal of linked sites, 1483 sites remained for 
final analysis. Average genetic distance among individuals across all populations was 25.92%. 
Genetic distance between genotyped repeats of the same individuals averaged 14.5%. There 
were no inter-individual genetic distances close to the 14.5% cut-off and thus there was no 
support for clones within the data set. Significant observed heterozygosity was greater than 
expected in all populations at Casey Station (Table 2).  
6.3.2 Casey population differentiation and structure 
Population structure among sites within Casey Station showed significant differentiation 
among half of the sites, but there was no genetic differences between the other half of the 
sites (Table 3), suggesting a complex geographic relationship. Notably, significant 
differences between sites appear to be related to anthropogenic disturbed sites, whereby 
significant genetic differentiation was recorded between impacted and non-impacted sites 
(Table 3). The overall Fst value for Casey Station was 0.036 (AMOVA: p-value = 0.003). 
Results from the PCoA showed no clear groupings based on geographical similarity, but there 
was structure with sea anemones from impacted sites grouping together (BBI, BBM, Shannon, 
and Nicholson Island), and sea anemones from non-impacted populations grouping together 
(Peterson and Honkala). Baysian fastStructure analysis suggested that the best separation of 
populations was K=4 with 3 different lineages found within Casey Station (Figure 3). At K=4, 
the population structure separates out similar to the PCoA analysis: Impacted (BBM, BBI, 
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Nicholson Island, and Shannon) versus non-impacted sites (Peterson and Honkala). Two 
lineages included the majority of individuals from Casey Station and a third lineage was 
found at Peterson in a few individuals, this variation is also present at BBM. The Casey 
Station population Sparkes showed a mixture of the lineages found in impacted and non-
impacted populations, as did Honkala. There was no significant difference between observed 
heterozygosity between impacted and non-impacted sites (F1,8=6.32, p-value = 1.00; Table 2). 
No Isolation by Distance was found across Casey populations.  
6.3.3 Circumpolar relationships 
Population structure among Southern Ocean regions showed that Fst between most sites was 
not significantly greater than zero, indicating genetically homogenous populations (Table 3). 
The one exception was Rothera, which was significantly differentiated from all other sites 
(Table 3). Closer examination of the data revealed this pattern was associated with the 
presence of a single outlier (Figure 3). This outlier was 42.7% different to all other 
individuals (noting the average difference across all individuals was only 25.92%). To verify 
this individual was Urticinopsis antarctica, field identification and phylogenetic information 
from previous studies examining DNA sequences were used (Chapter 4). The SNP data from 
this individual was also compared to other Antarctic continental shelf species through a 
neighbour-joining tree in Tassel 5.2.27. These tests confirmed the identification as 
Urticinopsis antarctica and it was concluded that it represented another unique, albeit very 
different, genotype for this species found at Rothera Station.  
Heterozygous excess was significant in all regional populations, except Rothera Station. 
However, when the outlier individual was removed from the data set, the Rothera Station 
population also displayed heterozygote excess similar to the other sites (Table 2). Overall Fst, 
including the Rothera Station outlier, was 0.043 between all populations (AMOVA: p-value = 
0.007). Fst with the Rothera station outlier removed was 0.038 (AMOVA: p-value = 0.037). 
The Rothera Station outlier sample was removed from PCoA results as it was found to be 
driving the relationships in the analysis. Davis Station, Dumont d’Urville Station and Rothera 
station (outlier removed) showed greater similarity to non-impacted sites at Casey Station in 
the fine-scale PCoA analysis. Baysian fastStructure analysis at K=4 showed that Dumont 
d’Urville Station, Davis Station and Rothera Station were a mixture of the two main 
populations found at Casey Station (Figure 3). The Rothera Station population showed a 4
th
 
population in one individual and the small presence of this population in the other two 
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individual samples from the Rothera Station, and suggests that this is another genetic 
genotype for U. antarctica. Mantel test across all populations and samples resulted in 
significant Isolation by Distance (IBD) (p = 0.034) between the Antarctic continental shelf 
regions. Removal of the Rothera sample also removed the significant IBD (p = 0.11) (Figure 
5). 
 
Table 2: Observed versus Expected heterozygosity, and Fis 
values for Casey Station populations and other Antarctic 
continental shelf regions for Urticinopsis antarctica. Significant 
Fis values in bold (p-value<0.001) * impacted site 
Location Ho He Fis 
BB inner* 0.20+0.01 0.17+0.01 -0.10 
BB Mid* 0.18+0.01 0.15+0.01 -0.10 
Honkala 0.18+0.01 0.16+0.01 -0.08 
Nicholson Island* 0.18+0.01 0.14+0.01 -0.24 
Peterson 0.19+0.01 0.16+0.01 -0.10 
Shannon* 0.20+0.01 0.17+0.01 -0.09 
Sparkes  0.18+0.01 0.14+0.01 -0.16 
Davis 0.18+0.01 0.15+0.01 -0.20 
DDU 0.21+0.01 0.16+0.01 -0.18 
Rothera 0.20+0.01 0.18+0.01 0.04 
Rothera (Outlier removed) 0.22+0.01 0.15+0.01 -0.58 
Overall (With Outlier) 0.19+0.00 0.16+0.00 -0.12 
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Table 3: Circumpolar Fst calculations for Casey Station populations and other Antarctic continental shelf regions. Significant 
values above the horizontal. *False Discover Rate Significance (p-value < 0.011) 
  BBI BBM Honkala Nicholson Peterson Shannon Sparkes Davis DDU Rothera 
BBI   - * * * - - - - * 
BBM 0.064 
 
- - * * - - - * 
Honkala 0.053 0.036 
 
- * * - - - * 
Nicholson  0.095 0.052 0.064 
 
* * - - - * 
Peterson 0.024 0.060 0.040 0.088 
 
* - - - * 
Shannon 0.011 0.065 0.048 0.088 0.022 
 
- - - * 
Sparkes  0.068 0.034 0.039 0.058 0.055 0.059 
 
- - - 
Davis 0.056 0.059 0.045 0.089 0.043 0.050 0.059 
 
- * 
DDU 0.028 0.062 0.043 0.102 0.028 0.028 0.061 0.047 
 
* 
Rothera 0.180 0.117 0.127 0.156 0.156 0.172 0.121 0.144 0.143   
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Figure 2: Circumpolar discriminant analysis of principal components of Urticinopsis antarctica for Casey Station populations and other 
Antarctic continental shelf regions with the Rothera outlier removed for analysis. Axis percentages 1= 31.6%, 2=15.3%, and 3=13.9%.
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Figure 3: Circumpolar group membership using fastStructure analysis for Urticinopsis antarctica for K=4 using standard model from Casey 
Station populations and other Antarctic nearshore regions. Each individual is represented by a vertical line partitioned into colour segments, the 
lengths of which indicate the posterior probability of membership in each group.  
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Figure 4: Relationship between geographical distances at Casey Station and  
linearized Fst for Urticinopsis antarctica.   
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Figure 5: Relationship between circumpolar geographical distance and linearized 
Fst for Urticinopsis antarctica from Casey Station populations and other Antarctic 
continental shelf regions with the Rothera extremity removed.  
p-value = 0.11 
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6.3.4 Outlier loci Analysis 
Baysian analysis discovered 17 SNPs of the 1483 SNPs were putatively under natural 
selection (Figure 6). Fst analysis on the outlier loci across all populations along the 
Antarctic continental shelf was significant (Fst = 0.143, p-value < 0.01). Pairwise 
population Fst analysis was 0.081-0.336 and was highly significant (False Discovery 
Rate p-value = 0.011) amongst all populations, except Brown Bay Inner and Nicholson 
island p-value = 0.019. However, PCoA analysis did not show specific structuring 
amongst populations (Figure 7). 
When outlier loci were removed Fst across all populations along the Antarctic 
continental shelf was 0.036 and remained significant (p-value = 0.046). Pairwise 
population Fst analysis with outliers removed showed a decrease in significant 
difference between populations (Table 4). The PCoA analysis (Figure 8) did not 
indicate differences in population structure from the initial PCoA (Figure 2). However, 
variation explained by the first three axis decreased.    
 
 
Figure 6: Results of Baysian outlier analysis of 1483 loci in Urticinopsis antarctica 
from the Antarctic continental shelf. Fst was plotted against log10 (posterior odds (POs)).  
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Figure 7: Circumpolar discriminant analysis of principal components of Urticinopsis antarctica of SNP outliers for Casey Station 
populations and other Antarctic continental shelf regions with the Rothera outlier removed for analysis. Axis percentages 1= 21.6%, 
2=18.6%, and 3=11.7%. 
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Table 4: Circumpolar Fst calculations with SNP outliers removed for Casey Station populations and other 
Antarctic continental shelf regions. Significant values above the horizontal. *False Discover Rate Significance 
(p-value < 0.011) 
  BBI BBM Honkala Nicholson Peterson Shannon Sparkes Davis DDU Rothera 
BBI 
 
- * * - - - - - - 
BBM 0.062 
 
- - - - - - - - 
Honkala 0.051 0.033 
 
- - * - - - - 
Nicholson 0.095 0.048 0.060 
 
- - - - - - 
Peterson 0.021 0.055 0.039 0.085 
 
- - - - - 
Shannon 0.009 0.062 0.046 0.087 0.021 
 
- - - - 
Sparkes 0.066 0.032 0.036 0.052 0.053 0.058 
 
- - - 
Davis 0.039 0.045 0.032 0.080 0.028 0.035 0.048 
 
- - 
DDU 0.027 0.059 0.041 0.100 0.026 0.025 0.059 0.033 
 
- 
Rothera 0.105 0.068 0.077 0.129 0.088 0.102 0.084 0.091 0.085 
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Figure 8: Circumpolar discriminant analysis of principal components of Urticinopsis antarctica with SNP outliers removed for Casey 
Station populations and other Antarctic continental shelf regions with the Rothera outlier removed for analysis. Axis percentages 1= 2.8%, 
2=1.3%, and 3=1.2%. 
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6.4 Discussion 
This study is the first to successfully examine population genetics across multiple 
populations of a sea anemone using the next generation sequencing technique 
Genotype-by-sequencing (GBS). GBS techniques provided new information into the 
life history, phylogeography, and effects of human impacts on Urticinopsis antarctica. 
No evidence of asexual reproduction was found within any of the sites. Panmixia was 
found across regions around the continental shelf around Antarctica. Finally, GBS 
techniques showed potential effects from human disturbances at impacted sites at Casey 
Station, which could be driving the fine-scale population structure. 
6.4.1 Factors driving population structure in Urticinopsis antarctica 
No evidence of asexual reproduction was found in U. antarctica despite that asexual 
reproduction is prominent in many sea anemone species (Sherman et al. 2007). This 
coincides with the two gonochoric individuals found at Rothera Station that were 
histologically examined (Chapter 5). Some asexually reproducing sea anemones have 
developed gonads (Sherman et al. 2007), which does not seem to be the case for U. 
antarctica based on the absence of clonal genotypes in any population. Some sea 
anemones exhibit changes in modes of reproduction within the same species (Ayre 1984; 
Chomsky et al. 2009), which has been used as a detector of environmental stress 
(Chomsky et al. 2009). There was no evidence of any differences in reproductive modes 
between impacted versus non-impacted sites.  
Significant heterozygous excesses were found within all sites and this excess may be a 
result of reproductive mode. Heterozygote excess can result from asexual reproduction, 
but our genetic and reproduction data (Chapter 5) show no evidence of asexual 
reproduction in U. antarctica. Thus selection or outcrossing remain the most likely 
explanations for this pattern. Certainly there is evidence from our genetic data for 
selection associated with sites affected by anthropogenic stressors, and so this remains a 
plausible explanation of the heterozygote excess, although there was no difference in 
levels of heterozygosity between impacted and non-impacted populations. Outcrossing 
is also possible, particularly given the lack of genetic differences across Antarctica 
(Table 3) which is suggestive of widespread dispersal that would promote outcrossing 
and minimise inbreeding. A sea anemone species in the North Atlantic from the 
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Actiniidae family, which also has large, yolky eggs similar to U. antarctica is Urticina 
eques (Solecava et al. 1994). Urticina also has a high level of heterozygosity and it was 
expected that U. eques would have high levels of genetic differentiation between 
populations due to the prediction that variable loci are more likely to diverge rapidly 
than monomorphic loci (Skibinski and Ward 2009), but this was not the case (Solecava 
et al. 1994). Urticina eques had low levels of genetic differentiation over large distances 
(1000s of km), which is similar to the genetic differentiation found amongst the U. 
antarctica sites.  
Urticinopsis antarctica has autumn or winter seasonal spawning, and likely has only a 
limited planktonic period linked to the lecithotrophic nature of the larvae (Chapter 5), 
hence suggestions of panmixis from the genetic data is surprising. The sample sites 
studied here were from shallow coastal bays that experience autumn and winter ice 
coverage (Clark et al. 2013; Gillies et al. 2013) with spring and summer breakouts of 
the sea ice in most years. Even for a species with long lived planktonic larvae, it might 
be expected that sea ice would hinder dispersal, particularly around the entire Antarctic 
continent. However dispersal may be facilitated during other life history stages, for 
example, when the sea ice breaks out during the early summer, juveniles may be 
disturbed and distributed to other populations either on or in the ice. Sea anemones are 
for the most part sessile or slow moving, but they can swim short distances (10s of 
metres) when disturbed.  
Another potential explanation for apparent panmixia for Urticinopsis antarctica in 
shallow water populations is the presence of deep water populations which may act as 
sources of larvae into shallow water. The effects of sea ice and large boulders on the 
shallow coastal populations will not affect the distribution of larvae at deeper waters 
allowing the circumpolar distribution observed. The Antarctic Circumpolar Current 
(ACC) is a potential mode for dispersal utilized by some species and can drive 
circumpolar distributions (Matschiner et al. 2009; Raupach et al. 2010; Thornhill et al. 
2008). Individuals of Urticinopsis antarctica found at depth may have larvae that are 
transported in the ACC providing gene flow between regions. Rothera Station was 
significantly different from other regions, but the small sample size at Rothera Station 
included an individual with a distinct lineage not found in other regions and this 
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individual shares a small percentage of genotypes with the other two individuals found 
at Rothera Station, suggesting the genetic diversity needs to be explored further within 
this region. The fact that two of the three individuals sampled at Rothera Station are 
similar to individuals from other regions suggests either ongoing gene flow or historical 
connections. Unfortunately, sampling effort at Rothera Station was restricted due to the 
environmental limitations (e.g. hazardous weather and wildlife) that occurred during the 
field season. Further research including a larger sample size from this region may 
clarify these results, however, Nazareno et al. (2017), found that accurate Fst estimates 
were obtained using very small sample sizes (i.e. two individuals) with a large amount 
of SNPs (< 1500).   
Regional genetic similarities may well be a result of historical connections. During 
glacial maxima most of the Antarctic shelf was covered in extensive sea ice causing 
many continental shelf communities to be erased (Thatje et al. 2005). Some species had 
potential to use refugia during this period and were able to recolonize regions during the 
glacial retreats (Thatje et al. 2005). Indeed other species that have limited dispersal, 
similar to U. antarctica, also show circumpolar distributions. For example, the Antarctic 
continental shelf octopus, Pareledone turqueti, has a circumpolar distribution despite 
laying large eggs that hatch directly into benthic juveniles (Strugnell et al. 2012). This 
species is thought to have utilised refugia along the Antarctic continental shelf during 
the last glacial maximum, from where it subsequently recolonized the continent during 
the subsequent ice retreat. More information is needed on U. antarctica from deep 
populations to see if this is a potential explanation for the genetic similarities found 
between circumpolar regions. 
6.4.2 Potential anthropogenic effects on Urticinopsis antarctica populations 
The genetic differentiation found between impacted and non-impacted sites has several 
potential explanations. The close proximity of the four impacted sites and the 
geographical location of the impacted sites together may create a barrier causing a 
genetic isolation of the impacted populations. All four sites are located within 
Newcomb Bay and there is potential for the bay to be isolated from other populations 
due to local coastal currents and the topography of the bay. Adamussium colbecki is an 
example of an Antarctic bivalve that has genetic isolation at a local level (Guidetti et al. 
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2006). The embayments within the location sampled were isolated from other 
populations of A. colbecki, and it is thought that the isolation is created by general 
circulation of the surface and sub-surface waters within the bay (Guidetti et al. 2006). 
However, Casey Station has been a central study site for the effects of human 
disturbances on benthic ecosystems in Antarctica (Baird et al. 2012; Baird and Stark 
2014; Cunningham et al. 2003; Stark 2000; Stark and Riddle 2003; Stark et al. 2003a; 
Stark et al. 2003b). The sewage outfall waste and the heavy metal contamination from 
the old waste disposal sites have impacted the terrestrial and marine environment in this 
region. At Casey Station there was clear genetic differences between impacted and non-
impacted sites, with the impacted sites dominated by one genetic lineage (Shannon Bay, 
Brown Bay Inner and Middle, and Nicholson Island) and the non-impacted sites 
dominated by a second genetic lineage (Peterson and Honkala; Figure 3). The two non-
impacted sites share similar genotypes, but are at the furthest apart from each other 
strengthening the case that anthropogenic environmental stress is potentially having an 
effect on U. antarctica. The non-impacted sites also showed similarity to the population 
structure to other largely non-impacted regions (Davis station, Dumont d’Urville and 
Rothera Station) where most of samples were taken from non-impacted sites (with the 
exception of Dumont d’Urville Station). Sea anemones at Dumont d’Urville were 
expected to exhibit effects from the anthropogenic environmental stress due to the 
samples being collected near the station’s sewage outfall, but none were detected. 
Anthropogenic activities have been occurring within both regions for approximately the 
same amount of time, as they were both built as part of the International Geophysical 
Year in the 1950s. A potential reason for the selection found at Casey Station is the size 
of the station; Casey Station is a much larger station than Dumont d’Urville with higher 
levels of human activities than Dumont d’Urville Station with twice as many 
expeditioners visiting Casey Station during the Austral summer.  
One potential result of environmental stressors, such as pollution, is loss of genetic 
diversity. If some individuals in a population are more tolerant of a stressor then there 
may be selection for those individuals and selection against intolerant types, resulting in 
a loss of genetic diversity (mussels; Ma et al. (2000) and copepods; Street and 
Montagna (1996)). The effects of contamination decreased genetic diversity of 
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Antarctic continental shelf amphipod species at these sites (Baird et al. 2012). The 
genetic diversity of sea anemones at the impacted sites, however, was not consistent 
with this trend as there was no decrease in genetic diversity (measured as observed 
heterozygosity) at the impacted site compared to non-impacted sites. Nonetheless, the 
large genetic difference between impacted and non-impacted sites is most likely an 
effect of selection for tolerant genotypes, particularly given we expect that 
recolonization of sites following a disturbance would be possible from deep or nearby 
sites (based on evidence of gene flow around Antarctica); hence even if new recruits do 
arrive at the impacted population there is potential that only the tolerant genotypes are 
likely to recruit and survive. The outlier loci analysis shows that selective processes are 
occurring across populations. The loci discovered through outlier analysis as putatively 
under selection did show that they were driving some of the population structure.  More 
research is needed to understand what processes are the outlier loci involved in through 
genome mapping, and if/how they are related to the effects of heavy metal 
contamination, sewage outfall and areas of high human activity (wharf areas) on 
Antarctic coastal sea anemones. 
6.4.3 Conclusions 
Next Generation Sequencing is new to Southern Ocean studies, but here has proven to 
be an effective technique in studying population genomics of Southern Ocean sea 
anemones. The molecular information strengthens and supports what little life history 
information we have on U. antarctica. The data also leaves many research questions to 
be answered, such as understanding connections between individuals found in shallow 
water populations with individuals that are found in deep water populations of U. 
antarctica and making connections between the molecular information, phenotypic and 
genotypic responses to anthropogenic stressors.   
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7 General Discussion 
 
The overall goal of my thesis was to address major gaps in the knowledge of Southern Ocean 
sea anemones. In this thesis, I have successfully made connections between community 
composition and habitat preferences for several Southern Ocean sea anemone species. Next, 
the utilization of molecular techniques was used to identify several Southern Ocean species. 
Furthermore, I used histological techniques to identify reproductive modes and timing for 
two Antarctic continental shelf sea anemone species. Finally, new molecular techniques were 
used to examine the circumpolar relationships of Urticinopsis antarctica from four Southern 
Ocean regions and to examine the fine-scale population genomics of U. antarctica to 
determine whether anthropogenic stressors influenced its population structure. My research 
markedly increases our understanding of Southern Ocean biodiversity and adds to our 
baseline understanding of Southern Ocean sea anemone ecology. Here, I examine my main 
findings and suggest key areas for further research that build on the knowledge gained in this 
study. 
 
Distributional information on sea anemones from the Southern Ocean is quite patchy with the 
majority of records outdated (Rodriguez et al. 2007). Many records only indicate that the 
species were present in a large biogeographical region, but lack any detailed regional 
distribution and abundance patterns for those regions. Small-scale distribution and abundance 
studies are important to understand ecological processes, such as connectivity and community 
structure in the Southern Ocean benthic region. Using an integrated approach, I examined the 
distribution, abundance, and ecological connections of sea anemone species from three 
benthic regions along the East Antarctic continental shelf. I provided a better understanding 
Aim 1: 
To determine the overall distribution, abundance, and ecological connections of 
sea anemones from Antarctic continental shelf regions 
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of the species present in these regions, provided information on how different sea anemone 
species utilize their environment and rely on other benthic species in different habitats, and 
the effects of human disturbances on sea anemone distribution.  
An important association was established between sea anemones and two groups of 
ecological engineers; bryozoans and ascidians. In the three Antarctic regions, I found that 
bryozoans and ascidians provided shelter and substrate attachments for sea anemones. 
However, because bryozoan and ascidians are likely to be affected by climate change, this is 
also likely to have an effect on sea anemones. The threat of climate change to ecological 
relationship is one reason why there is an emerging focus of studies on the effects of climate 
change on Southern Ocean ecosystems (Chown et al. 2015; Clarke and Harris 2003). The 
composition of ascidian populations along the Antarctic Peninsula is changing due to 
warming sea temperatures (Rimondino et al. 2015). Also, the warming sea temperatures 
along with the increased ocean acidification are affecting the growth rates of bryozoans 
(Wood et al. 2012). More research on how important these ecological engineers are to sea 
anemones and their ability to inhabit an area is needed to understand how changes occurring 
to ecological engineers will affect sea anemone distribution and abundance in the Southern 
Ocean. 
I also found an increase in sea anemone abundance at sites impacted by anthropogenic 
stressors at Casey Station. It was expected that sea anemones would show a decrease in 
abundance or be absent at impacted sites based on observations of other marine 
invertebrates(Stark et al. 2014) and laboratory studies showing detrimental effects of heavy 
metals on sea anemones, such as tentacle retraction, endosymbiont loss, and death (Elran et al. 
2014; Howe et al. 2014). However, this was not the case for sea anemones at Casey Station. 
The increase in sea anemone abundance is potentially a response to the effects of the 
environmental disturbances. This result is strengthened by the results found in Chapter 6 
which examined the impacted sites at a molecular level. Molecular results revealed a genetic 
distinction between impacted and non-impacted populations, potentially suggesting selection 
for particular genotypes (e.g., tolerant types) in the impacted areas. Sea anemones may have 
the capacity to up-regulate metal efflux mechanisms for removing metals from their systems 
(Mitchelmore et al. 2003), and this may explain why anemones were abundant at the 
impacted sites even though many other marine invertebrate species declined (Stark et al. 
2014). The increase in abundance may reflect the ability of sea anemones to cope in stressful 
environments. An example of how sea anemones can adapt to changing environments and 
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periods of high stress is found in the intertidal sea anemone Bunodusoma zamponii. 
Bunodusoma zamponii can alter its digestive capabilities to increase glucose availability 
during periods of increase temperature and salinity (del Valle et al. 2015). The photoquadrat 
study was limited to impacted sites found within the same embayment. Future studies should 
include more impacted sites to determine if the increase abundance is found at other impacted 
locations. Focused research is needed to understand what the potential drivers are for the 
increase of sea anemone abundance in impacted sites. Other factors that may affect the 
abundance of sea anemone is the amount of annual sea ice or the organic matter content of 
the sediments within differing embayments (example: O’Brien versus Brown Bay).  If the 
abundance is being driven by environmental stress, what can the increase in sea anemone 
abundance tells us about their abilities to cope with disturbances and stress. Furthermore, 
another area of research would be to understand if this ability of sea anemones to cope and 
adapt is hindered by the reliance on ecological engineers that may not be able to. 
 
 
 
Phylogenetics is an important tool used to understand biodiversity and ancestral connections 
among species and populations. A major goal of phylogenetic research is to establish DNA 
barcoding libraries to facilitate the identification of species (Herbert et al. 2003). 
Future Research and Questions 
How will changes occurring to ecological engineers affect sea anemone 
distribution and abundance in the Southern Ocean? 
What is driving the higher abundances of sea anemones in human impacted areas? 
Do Southern Ocean sea anemones have the ability to cope with disturbances and 
stress despite laboratory studies indicating they could not? If so, how is this 
affected by the reliance on ecological engineers who may not be able to? 
Aim 2: 
To identify species and understand phylogenetic relationships of sea anemones 
from the Antarctic continental shelf and the Sub-Antarctic 
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Unfortunately sea anemones and other anthozoan species have presented challenges to this 
goal due to their slow evolving mitochondrial region (Shearer et al. 2002). The majority of 
research on sea anemone phylogenetics has focused on ancestral relationships (Daly et al. 
2008; Daly et al. 2010; Rodriguez et al. 2012), but the conservative mitochondrial DNA 
regions used in ancestral studies are typically not suitable for species-level identifications. 
The research in my thesis explored alternate DNA regions to try and establish a suitable DNA 
barcoding region for Southern Ocean sea anemone identification and potentially 
identification of other sea anemone species from around the world. The nuclear ribosomal 
(rDNA) gene complex incorporating 18S, ITS1, 5.8S, ITS2, and 28S (ITS region) showed the 
most potential for Southern Ocean sea anemones and should be explored further to see if it is 
a suitable candidate globally.  
As part of my thesis, three different DNA regions were examined for their potential use as a 
DNA barcoding region for identifying Southern Ocean sea anemones. The barcode of life 
mitochondrial region CO1, the mitochondrial region 16S, and rDNA region ITS were chosen 
as potential candidates. The mitochondrial DNA regions showed low levels of variability 
(CO1 and 16S combined average K2P distances = 0.14) and were unable to distinguish 
amongst closely related morphological species. This result is similar to other studies focusing 
on the mitochondrial region for other anthozoan groups in which the mitochondrial DNA 
region evolves slowly (Shearer et al. 2002). The ITS region exhibited more potential as a 
DNA barcoding region with its high level of variability (complete ITS average K2P distance 
= 0.43) and its ability to distinguish amongst closely related species. I was able to sequence 
the entire ITS region for the Macquarie Island species, but could only amplify and sequence 
partial ITS fragments for the Antarctic continental shelf species. Going forward more suitable 
primers that allow sequencing of the entire ITS region for all sea anemones would allow 
more extensive studies on the usefulness of the ITS region as a sea anemone DNA barcoding 
region. 
Previous phylogenetic studies of sea anemones have included single Southern Ocean species, 
but the research presented in this study is the first to focus on multiple Southern Ocean 
species with the goal of increasing our understanding of Southern Ocean biodiversity and the 
links among Southern Ocean populations. I identified eleven genetically distinct species of 
sea anemones; five of them represent potentially new species as well as a new genus of sea 
anemones from Macquarie Island. Samples were taken to the Victoria Museum in Melbourne, 
Australia for identification. They were compared to the museum’s collection of samples from 
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Macquarie Island and identification to the species level could not be verified. Further detailed 
taxonomic work needs to be completed to properly describe these new species. There are also 
many regions around the Southern Ocean that are unexplored and where we will undoubtedly 
find additional sea anemone species, including Macquarie Island, other Sub-Antarctic islands, 
and deep waters of the Southern Ocean. Documenting biodiversity is recognised as important 
globally, and particularly so in areas such as the Southern Ocean which are highly susceptible 
to the effects of climate change. Thus, while my research showed that some sea anemone 
species have the potential to adapt to environmental stress, we do not yet know if all sea 
anemone species will have this ability and there is a potential to lose species before we even 
know they existed. 
 
 
 
The life history of many sea anemones from temperate and tropical regions has been well 
studied over the years, but we know very little about Southern Ocean species (Rodriguez et al. 
2013). Sea anemones have varying modes of reproduction among species and within species 
(Bocharova and Kozevich 2011), and their mode of reproduction can potentially affect their 
distribution and abundance (Pearse et al. 1991). The one study on Southern Ocean sea 
anemone life history found that Epiactis georgiana reproduces sexually and is a brooding 
Future Research and Questions 
Examining suitable DNA barcoding regions that are effective across all species of 
sea anemones 
Establish a species library for quick identification of sea anemone species 
Increased sampling efforts in the Southern Ocean to help establish a baseline for 
sea anemone biodiversity 
Aim 3: 
To examine the life history and reproduction of sea anemones from the Antarctic 
continental shelf 
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specialist. Their brooded larvae are released late in the Austral spring (Rodriguez et al. 2013). 
My histological analysis of Isotealia antarctica and Urticinopsis antarctic found no evidence 
of asexual reproduction or brooding and I concluded that I. antarctica and U. antarctica 
reproduce sexually through broadcast spawning during the autumn and winter months. The 
large yolky eggs observed suggest lecithotrophic larvae. More long-term studies with 
increased sampling through autumn and winter would help narrow down the exact timing of 
gametogenesis and spawning for both of these species, which in turn will inform future 
ecological studies to understand distribution, abundance and population structure. The two 
species in my study reproduce through broadcast spawning of lecithotrophic larvae and when 
compared with the brooding species Epiactis geogiana it shows that Southern Ocean sea 
anemone reproductive strategies are potentially as variable as sea anemones from other 
oceans and regions, although the life histories of many Southern Ocean sea anemones still 
need to be explored to understand the full range of reproductive strategies. Understanding the 
life history of sea anemones can also help us to explore the maintenance of circumpolar 
relationships, the potential for sympatric or allopatric cryptic speciation, and allow us to 
understand the processes leading to population structuring in sea anemone species.   
Another potential area of study is the effects of environmental stress on Southern Ocean sea 
anemone life history. Other sea anemone species have been known to change reproductive 
mode in regions of environmental stress (Bocharova 2015; Chomsky et al. 2009). 
Reproductive mode may play an important role in the increased abundance of sea anemones 
found at the sites affected by anthropogenic stressors at Casey Station, as well as contributing 
to the changed population genetic structure between impacted and non-impacted sites. 
Additional detailed studies of reproduction and early life history of sea anemones from 
impacted and non-impacted sites would contribute to our understanding of how biological 
and ecological processes are affecting changes in benthic communities associated with 
anthropogenic impacts.  
 
Future Research and Questions 
Long term life history studies across multiple Southern Ocean sea anemone species 
What are the effects of human impacts and environmental stress on different 
Southern Ocean sea anemone species reproduction? 
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This is the first study of population genomics of Southern Ocean sea anemones and one of the 
first studies to utilize Next Generation Sequencing (NGS) techniques on a Southern Ocean 
species. Urticinopsis antarctica is considered a circumpolar species and the NGS data show 
there is gene flow amongst populations along the Antarctic continental shelf region. Next 
Generation Sequencing also allowed me to make connections between the population 
structure and the reproductive patterns found in the life history study. I found similar 
population structure results to another lecithotrophic sea anemone with a large distribution 
and low dispersal capabilities, Urticina eques (Solecava et al. 1994). The low genetic 
differentiation in U. eques is a result of its sublittoral habitat allowing higher dispersal 
capabilities (Solecava et al. 1994). Uticinopsis antarctica is also sublittoral, but its range 
extends much deeper than U. eques. Given the genetic evidence of ongoing gene flow across 
biogeographic regions of Antarctic continent in U. antarctica, it is possible that connections 
are maintained via larval advection in the deep waters of the Antarctic Circumpolar Current. 
More extensive studies including additional Southern Ocean sea anemone species from 
around Antarctica, including studies of reproduction and life history would strengthen this 
knowledge and allow researchers to understand historical connections, draw connections on 
present ecological studies, and make predictions about future changes to the Southern Ocean 
ecosystem.   
Next Generation Sequencing techniques allowed an examination of disturbances and 
environmental stress on species at the molecular level. I found significant molecular 
differences through Fst calculations between sea anemones from impacted and non-impacted 
sites at Casey Station. My fastStucture analysis found an increase in sea anemone abundance 
at the impacted sites, and the differences found at the molecular level both support that 
changes are occurring in the impacted populations. Furthermore, these changes are also 
Aim 4: 
To conduct a fine-scale and large-scale population genomic comparison of sea 
anemones from the Antarctic Continental shelf 
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resulting in divergence from the other populations of U. antarctica around Antarctica, which 
may eventually lead to speciation of the sea anemones found at the impacted sites. The 
genetic differentiation found between impacted and non-impacted sites may also reflect 
differences in the topography and the local hydrology of the bay the samples were collected 
in, relative to all the other areas sampled around Antarctica. To fully tease apart the processes 
resulting in this genetic divergence would be to utilize NGS to map Antarctic sea anemone 
genomes allowing researchers to make connections between phenotypic and genetic 
relationships. Mapping and gene expression research would allow researchers to understand 
if stress triggers are occurring within the sea anemones at the impacted sites. Another step to 
understand the genetic differences occurring at the impacted sites would be to explore the 
local coastal currents in this region, conduct recruitment research in the impacted embayment, 
and include larger sampling sizes including more populations around the Casey Station 
region to understand if there is a barrier to gene flow or selection against non-impacted 
genotypes. 
 
 
Concluding remarks 
My thesis took an integrated approach to gain a wide range of information to help resolve 
some of the key gaps in knowledge about Southern Ocean sea anemones. It utilized several 
techniques and tools, some new to Southern Ocean studies and increased our knowledge of 
Southern Ocean sea anemone ecology, biodiversity and life history. There is still a wide 
spectrum of questions to explore and understand about Southern ocean sea anemones, but 
through my integrated studies, I have showed that some Southern Ocean sea anemones may 
have the potential to cope with the effects of environmental disturbance such as climate 
Future Research and Questions 
Next Generation Sequencing of other Southern Ocean sea anemone species 
Mapping genomes of Antarctic sea anemones and gene expression research 
Study the local hydrology of the impacted sites at Casey Station 
Recruitment studies in impacted embayment to detect selection against non-
impacted genotypes 
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change. I have also added to knowledge of Southern Ocean sea anemone biodiversity with 
potentially five new species discovered using molecular techniques. Another key finding of 
my research shows that Southern Ocean sea anemones potentially have a diverse range of 
reproductive modes, equivalent to those found in other oceans and ecosystems when 
compared to the brooding specialist Epiactis georgiana. Finally, I was the first to examine 
population structure of Southern Ocean sea anemones. I found that the circumpolar 
populations of Urticinopsis anatarctica are panmictic, but locally I found evidence of 
genetically distinct populations. These may be associated with environmental perturbations 
which may be a precursor to future speciation or could also be related to local oceanographic 
or geographic barriers to mixing of populations, potentially contributing to allopatric 
speciation. 
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